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ABSTRACT 
Lamar (Tony) Perry: Understanding the Property-Performance Relationships Of Membrane 
Active Layers Containing Porous Nanoparticles  
(Under the direction of Orlando Coronell) 
 
Thin-film nanocomposite (TFN) membranes for water purification have emerged in the 
last decade as a class of membranes that can provide increased water productivity over 
traditional thin-film composite (TFC) membranes, but still maintain the same level of 
contaminant rejection.  The mechanisms by which the increased water permeability is achieved 
are not well understood as there are no comprehensive studies on the relevant structure-
performance relationships.  Accordingly, the overall objective of this study was to advance the 
understanding of the property-performance relationships of TFN membranes containing porous 
nanoparticles in their active layers. Towards achieving my overall objective, I pursued the 
following specific objectives: (i) to develop a method to measure charge density in active layers 
of polyamide-based TFC and TFN membranes; (ii) to characterize the effect of LTA zeolite 
loading on the physico-chemical properties of the active layers of zeolite TFN membranes, and 
investigate their corresponding structure-performance relationships; and (iii) to characterize the 
effect of ZIF8 nanoparticle loading, surface area, and size on the performance of ZIF8-TFN 
membranes, and investigate their corresponding structure-performance relationships.  Overall, 
the results obtained in this study showed that zeolite and ZIF8 nanoparticle incorporation into 
active layers results in higher water productivity, and unchanged salt rejection up to a zeolite 
loading threshold above which salt rejection decreases (~0.15 wt% in the organic TMC solution 
used to cast the active layer).  Results and analyses also showed that the observed changes in the 
iv 
physico-chemical properties of the active layer polymer did not explain the observed changes in 
membrane performance.  Therefore, it is concluded that the increased water productivity of TFN 
membranes over the control TFC membranes is the result of water transport through the porous 
structure of LTA zeolite and ZIF8 nanoparticles, or along the polymer-nanoparticle interface.  
Alternatively, nanoparticle incorporation may have changed properties of the active layer 
polymer not characterized in this study (i.e., water diffusivity, or microstructure) in such a way 
such that it led to greater water permeability.  
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I dedicate this work to Adesina and Ajani.  
 I hope this effort will motivate you to achieve a similar accomplishment. 
As always, I love to love you. Daddy 
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CHAPTER 1 - INTRODUCTION 
1.1 Background and Motivation 
1.1.1 The importance and structure of polyamide thin-film composite (TFC) membranes  
Currently, global water scarcity impacts nearly 2.8 billion people.1  By the year 2030, 
many analysts predict half of the human population will live in high water stress regions.1  In 
order to mitigate global water scarcity, new strategies aimed at increasing human access to 
quality drinking water and improved sanitation facilities are in demand.  For water purification, 
reverse osmosis (RO) and nanofiltration (NF) membranes have proven to be highly effective at 
producing quality drinking water from “nontraditional” sources such as seawater, brackish water, 
and treated municipal wastewater.2-6 
Most commercially successful RO/NF membranes have a physical structure consisting of 
three chemically distinct layers: a top ultra-thin polyamide-based active layer less than 200 nm 
thick, a porous polysulfone support approximately 30-50 µm thick, and a non-woven polyester 
fiber backing approximately 100-200 µm thick (see Figure 1.1a).   Because of this structure, 
polyamide RO/NF membranes are erred to as thin-film composite (TFC) membranes. The 
polyamide-based active layer of RO/NF membranes serves as the primary barrier to the 
permeation of water and solutes, while its porous polysulfone and non-woven polyester support 
layers provide mechanical robustness and stability.2-5   
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Figure 1.1.  a. The physical structure of a thin film composite and thin film nanocomposite.  
Each distinct chemical layer labeled along with their respective thicknesses.  b. 
nanoparticles are represented by the hexagon-shaped figures within the polyamide 
layer(upper most layer) of the composite.   
  
Polyamide layer ~20200 nm
Feed
Polysulfone layer  ~30-50 m
Polyester layer ~200 m
a) TFC
Feed
b) TFN
3 
Despite their effectiveness at producing quality drinking water, RO/NF treatment facilities have 
relatively low water productivity (on per membrane area basis) and their capital and operating 
costs are relatively large.3  One way of reducing operating costs through reduction of energy 
expenditures is to develop innovative membrane polymer materials with improved performance.  
The ideal RO membrane would cost less but show higher water productivity (i.e. improved 
performance) than existing ones.3 Towards developing the ideal membrane, some researchers, 
have shifted their focus to nanotechnology by adding nanoparticles to the active layer as filler 
materials.5-14  These mixed-matrix membranes take advantage of the properties of both the 
polymer and nanoparticles and are often referred to as thin film nanocomposite (TFN) 
membranes (see Figure 1.1b).  
1.1.2 Zeolites TFN membranes  
 One of the more widely studied types of nanoparticles added to membrane active layers 
to produce TFNs are zeolites (see Figure 1.2).6-12   Structurally, zeolites are comprised of 
inorganic elements bonded in a porous network with narrow channels and pore apertures 11.05Ǻ 
and 4.21Ǻ, respectively.17  Zeolites are attractive materials for researchers as nano-fillers in the 
active layer because they have relatively high pore volumes, caged-like frameworks, narrow-size 
pore distributions, and hydrophilic surfaces.5-7 The high porosity and narrow pore apertures are 
thought to serve as a preferential permeation pathways for water while simultaneously excluding 
larger dissolved species.6-14  The increased hydrophilicity of membrane surfaces effected by the 
addition of zeolites in their active layers is thought to enhance water flux while maintaining 
relatively high contaminant rejection.6-12  It also is believed that the interface between the 
polymer matrix and nanoparticles may serve as preferential pathways for water permeation too.9 
4 
  
Figure 1.2.  a. Skeleton structure (3-dimensional) of a Linde Type A zeolite.  Linde Type A 
zeolites are comprised of Na, Si, Al, and O atoms possessing a chemical formula 
Na+12 (H2O)27|8 [Al12Si12 O48]8.  LTA zeolites have pore diameters as small as 4.2 Ǻ and 
pore channels of 11.0 Ǻ.  b.  Two of the three composite layers from a TFN with zeolites 
incorporated within the top upper most layer of the composite.  Taken from ref 5. 
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 The first study of zeolite TFNs was by Jeong et. al.6 who reported using nanometer-sized 
Linde Type A (LTA) zeolites as an active layer filler material.   In their work, water permeation 
doubled without negatively impacting the salt rejection performance.  Since Jeong et. al. reported 
on the use of zeolites as an active layer filler material, additional studies on of TFN physico-
chemical properties and separation performance were reported.  For example, Lind et al7 
evaluated the performance of TFNs embedded with NaA zeolite nanoparticles and LTA 
nanoparticles with silver ions exchanged for sodium ions (AgA).  In this study, Lind and team 
reported higher water flux and salt rejection from both the LTA-TFNs and the silver-exchanged 
TFNs.  The silver-exchanged TFNs proved more hydrophilic and displayed enhanced fouling 
resistivity.   In another study, Lind and team reported on TFNs cast with zeolite nanoparticles of 
varying size (97, 212, 286 nm) in their active layers in diameter with showed enhanced water 
permeability and salt rejection versus large sized nanoparticles (> 200 nm)8  In general, all 
studies show that the incorporation of zeolites produced greater enhancement in membrane 
permeability.6-12  
1.1.3 Metal organic frameworks (MOFs) as alternative active layer filler materials 
A potential alternative to zeolites are metal-organic frameworks (MOFs) materials (see 
Figure 1.3).20-25  MOFs are a relatively new class of materials which possess tunable 
architectures, tunable chemical functionalities and significantly higher surface areas and pore 
volumes than zeolites.21-25   Currently, MOF materials are being evaluated for applications in gas 
storage, smart sensory technology, molecular sieving, catalysis, and membrane technology.22-24 
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Figure 1.3.  Resulting changes in pore size and surface areas from MOF nanoparticles with 
expanded molecular structures.  Taken from ref 22. 
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 MOF materials are synthesized from ionized metal and organic precursors in either an 
aqueous or organic medium.22-24  In solution, MOFs self-assemble into crystalline structures 
possessing particle sizes ranging from nanometers to microns.  These hybrid organic-inorganic 
networks generally result in materials with exceptionally high surface areas, large pore volumes 
and unique chemical functionality.22-25  Their inherent versatility and unique physico-chemical 
properties potentially make MOF materials ideal candidates for numerous applications including 
desalination and waste water recovery.22-25  Yet, few classes of MOF materials possess the stable 
properties requisite to be used in water remediation. 22-25  
Zeolitic imidazole frameworks (ZIFs) is one of the few sub-classes of MOFs that exhibit 
the physical and chemical properties stable and robust enough to be used for applications in 
water treatment.25-28 This name of this class of MOFs is due to the fact that ZIFs possess similar 
chemical and physical properties as zeolites.25    For example, the Zn-Im-Zn bond angles (~145°) 
are similar to the Si-O-Si bond angles in zeolites. 24  However, ZIFs possess higher surfaces 
areas, pore volumes and -more importantly- the tunable features that zeolites lack.  ZIF8 
nanocrystals have pore diameters and apertures of 11.6 and 3.4 Å, respectively, which makes 
them ideal potential alternatives to the LTA zeolites. The apertures are large enough to allow for 
the passage of water molecules (2.75 Å) while impeding the passage of other larger dissolved 
contaminants.  ZIF8 nanoparticles possess surface areas and pore volumes nearly double that of 
LTA zeolites.  Twice the pore volume and surface area coupled with their small pore apertures 
potentially make ZIF8 nanoparticles ideally suited to selectively filter water from contaminant 
waste streams.  Therefore, using MOFs as filler materials in active layers,29-32  may result in 
membranes that process water more efficiently than existing TFC and TFN membranes.   
While a few theoretical and experimental studies30-33 exist investigating the influence of 
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ZIF8 nanoparticles on membrane water permeability and salt rejection performance, no study has 
examined the influence of ZIF8 nanoparticle size and surface areas on TFN membrane 
performance.  Such studies are needed to fully understand the extent to which membrane 
performance can be optimized by incorporation of ZIF8 nanoparticles into active layers since 
nanoparticle size has been shown to affect membrane performance in zeolite TFNs,8 and particle 
surface area correlates with particle porosity and pore size.20,22  
1.1.4 Mechanisms of water and solute permeation through TFC and TFN membranes 
 The mechanisms of water and solute transport through the polymer matrix of TFC and 
TFN membranes are described in detail elsewhere.3,15  Briefly, the transport process through the 
polymer matrix is best described by the solution-diffusion model.15   The solution-diffusion 
model assumes that water and solute permeation are driven by their corresponding chemical 
potential gradients across the membranes.  These chemical potential gradients are a function of 
the pressure and concentration differences between the feed and permeate sides.15   
Figure 1.416 depicts the solution diffusion process which occurs in three steps: (1) 
partitioning of the permeating molecule into the active layer, (2) diffusion of the permeation 
molecule across the active layer, and (3) partitioning of the permeating molecule out of the active 
layer.  Thus, larger partitioning and faster diffusion of the permeating molecule results in higher 
molecule permeation.  In particular, larger partitioning and faster diffusion of water in the active 
layer results in larger water productivity, and lower partitioning and slower diffusion of solutes 
compared to partitioning and diffusion of water results in higher solute rejection.   
As for additional mechanism of transport through zeolite TFNs, this process is considered 
more complex and has yet to be fully elucidated. However, as mentioned in Section 1.1.2, in 
addition to the solution-diffusion mechanism through the polymer matrix, it has been proposed 
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that the zeolite pores serve as preferential pathways for water permeation.6-12  Additionally, it is 
also believed that water transport along the polymer-nanoparticle interface also exists.17 
Because of the extreme thinness of the polyamide active layer (~20-200 nm) compared to 
the total thickness of the membranes (~100-250 m), measuring partitioning and diffusion 
phenomena in them has proven challenging.  For example, only recently a method was 
developed to measure the partition coefficients in active layer of salts of common interest,33 and 
no independent follow-up study has been reported that confirms the accuracy of the method. 
Also, given that the time scale of diffusion of solutes through active layers is very short (<10-2 
seconds), and that of water is even shorter (~2 orders of magnitude shorter), there are no reported 
methods to measure diffusion coefficients in active layers for water or contaminants of common 
interests in water purification.  The only property among water and solute partitioning and 
diffusion for which relatively consistent results have been obtained by different researchers 
through direct experimental measurements (as opposed to modeling or indirect calculations) is 
water partitioning (i.e., water sorption)33-35. 
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Figure 1.4.  The solution-diffusion model depicting the permeation of water and solutes 
through membrane active layers.  This three-step process includes: water and solute molecules 
at the feed-membrane interface dissolved (a) into, (b) within and (c) out of the active layer into 
the permeate. (Reproduced from ref. 16) 
  
11 
1.1.5 Other active layer properties that impact membrane performance 
Given the existing challenges for the direct measurement of water diffusion and solute 
partitioning and diffusion phenomena, the traditional approach to establish a partial 
understanding of property-performance relationships for TFC membranes is to characterize 
physico-chemical properties of active layer that have been shown –at least qualitatively- to 
correlate with membrane performance.  This approach used to rely mostly on membrane surface 
properties (e.g., surface elemental composition, degree of crosslinking, zeta potential, 
roughness)36-39 before a number of experimental procedures were developed in the past decade to 
characterize volume-averaged properties of the active layers.40-50   
Some of the active layer physico-chemical properties that have been shown to correlate 
with membrane performance are roughness,51-54  thickness,16,51 charge,3,18,58,59 degree of 
crosslinking17,40 hydrophilicity,5,60.  and void structure.35,48-50,57  More specifically, higher 
membrane surface roughness is believed to correlate with higher water permeability, possibly 
due to increased interfacial area between the membrane surface and the feed solution.16   Water 
and solute permeability are indirectly proportional to active layer thickness, as described by the 
solution-diffusion model.16,47   Active layer charge aids in the rejection of ionic contaminants 
through the Donnan exclusion mechanism, and is directly related to the degree of crosslinking of 
polyamide active layers.3,17,55,56   Active layers with more extensive crosslinking are less 
permeable to water and have higher salt rejection.17,40   Higher membrane surface hydrophilicity 
is known to correlate with higher water productivity through increased water sorption.5,38   Also, 
the recently reported void structure of polyamide active layers has been proposed to affect 
membrane performance. 36, 52,53,54,61  
A recent (2015) review20  detailing the advances in TFNs for water treatment concluded 
that none of the studies they evaluated systematically showed the effect nanomaterials exhibit on 
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membrane structure or how those effects correlate to changes in membrane performance.  
Therefore, in order to better understand whether observed differences in performance between 
TFCs and zeolite TFNs are related to changes in the polymer matrix or the zeolite themselves, 
there is a need to understand how zeolites impact membrane properties, and how those changes 
correlate to membrane performance.  Such a study would also provide a baseline understanding 
of how nanoparticle incorporation into active layers impacts active layer properties, towards the 
evaluation of other nanoparticles as fillers in TFNs 
1.1.6 State of the art of measurements of charge density in active layers 
Both TFC and TFN membrane active layers are prepared similarly using the same 
organic precursors, namely acyl chlorides and di- or tri- amine monomers.3   In solution, these 
organic precursors polymerize to form an ultra-thin polyamide-based film erred to as the active 
layer. 5-7  However, due to incomplete polymerization between the acyl chloride and amine 
precursors, the active layer contains free carboxylic and amine groups that can ionize as the pH 
of the feed water changes.3    Negatively ionizable carboxylic groups are the results of hydrolysis 
of unreacted acyl chloride moieties.  Positively ionizable amine groups are unreacted amine 
moieties from the di- or tri-amine salt precursors increases (negatively charged carboxylic 
groups) or decreases (positively charged amine groups).   
The concentration of charged sites (or charge density) within the active layers determines 
the exclusion of ionic contaminants (including ion partitioning) through the electrostatic Donnan 
exclusion mechanism. 3,56   Also, since membrane charge density makes the membrane more 
hydrophilic, then it also impacts water partitioning,4,60  Further, since membrane charge density 
is the result of incomplete polymerization and crosslinking of the active layer, then it impacts 
overall water and solute permeation.40   Thus, charge density is a key property impacting 
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membrane performance, and to improve water flux and salt rejection through TFCs and TFNs it 
is important to understand charge density in TFC and TFN active layers.  
Given that the pH of feed waters in RO/NF systems is above pH~5.5, and amine groups 
in active layers ionize at pH values below ~5 while carboxylic groups ionize above that pH, 
carboxylic groups dominate ionic interactions between the active layer and ionic 
contaminants.19,20,59,61   Also, given that the total concentration of carboxylic groups is ~10 times 
that of amine groups, then the total concentration of ionizable sites in active layers is dominated 
by carboxylic groups.4,19,61   Thus, the study of charge density in active layers can be simplified 
to studying the concentration of negatively ionizable sites (i.e., carboxylic groups). 
The few techniques reported to measure the charge density of active layers have 
limitations.  Coronell et al17,58   characterized the charge density as a function of pH of the active 
layers of several commercial membranes using silver (Ag+) and tungstate ions (WO4
2-) as ionic 
probes of ionized carboxylic and amine groups, respectively.  The concentration of the silver and 
tungstate ions in the active layers were quantified using Rutherford backscattering spectroscopy 
(RBS).  Although sensitive and precise, RBS requires highly specialized equipment and training 
largely inaccessible to most researchers.  Coronell et al59   also characterized the charge density 
as a function of pH of the near-surface region (top ~7 nm) of active layers of commercial 
membranes.  The experimental procedure was similar to the RBS-based procedure used to study 
volume-averaged charge density, but employed X-ray photoelectron spectroscopy (XPS) instead 
of RBS as an analytical technique.  This approach was proven to be effective, however, as 
indicated above, the procedure only measures the near surface (~7 nm) charge density in active 
layers, not the overall volume-averaged charged density.  In another study, Tiraferri et al18 used 
liquid scintillation counting to quantify the charge density in active layers via measurement of 
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the concentration of uranyl ions (UO2
2+) bound to negatively charged carboxylic groups in the 
active layer.  While this method is effective, it only measures the concentration of negatively 
ionizable sites in the active layer at full ionization (i.e., pH > 10).   
Thus, there is a need for a user-friendly, yet robust, method for quantifying the volume-
averaged charge density as a function of pH in membrane active layers.  An ideal method to 
measure membrane charge density should be sensitive, accurate, user-friendly, relatively 
inexpensive, and able to measure charge density as a function of pH.   If such a method is 
developed, then it can be used to characterize the active layers of TFNs to contribute to 
furthering the understanding of the effects that nanoparticle incorporation have on active layers. 
1.1.7 Gaps in the literature to be addressed in this dissertation 
The following gaps in the literature were identified in Sections 1.1.1-1.1.6 that must be 
addressed to further the understanding of the effect of zeolite and MOF nanoparticles on active 
layer properties and TFN membrane performance:  (1) there is not a robust, user friendly, 
accurate, yet cost effective method to quantify charge density in active layers as a function of 
pH;  (2) there is limited insight into how zeolite incorporation into membrane active layers 
affects their physico-chemical properties; (3) there is limited insight into how the physico-
chemical changes in active layers effected by zeolite incorporation correlate with changes in 
membrane performance; and (4) an investigation of the effect of MOF particle size and surface 
area on the water productivity and salt rejection of TFNs is not available.  
15 
1.2 Objectives 
1.2.1 Overall research goal 
Addressing the gaps in the literature identified above, my research seeks to advance the 
understanding of the relationship between the physical and chemical properties of the active 
layers of TFN membranes and their performance in terms of water permeation and salt rejection. 
1.2.2 Specific objectives 
Towards achieving my overall research goal, the specific objectives of my research are to 
(i) develop a method to measure charge density in active layers of polyamide-based thin film 
composite (TFC) and nanocomposite (TFN) membranes; (ii) characterize the effect of zeolite 
loading on the physico-chemical properties of the active layers of zeolite TFNs and investigate 
corresponding structure-performance relationships; and (iii) investigate the effect of ZIF8 
particle size and surface area on the water productivity and salt rejection of MOF TFNs. 
1.3 Dissertation Organization 
This work consists of six chapters.  The introduction, conclusions and future work 
correspond to Chapters 1, 5 and 6, respectively, while Chapters 2-4 address the specific research 
objectives and serve as individual comprehensive chapters with their own introductions, 
materials and methods, results and discussion, conclusions, acknowledgements and reference 
sections. Chapters 2-4 are summarized below:  
 Chapter 2: The work in this chapter details a novel technique to quantify negatively 
charged functional groups in polyamide-based active layers of TFCs and TFNs using 
a quartz crystal microbalance.  A commercial TFC (ESPA3 RO, Hydranautics, 
Oceanside, CA) and a handmade TFN were studied.  The charge density, ionization 
behavior, degree of polymerization, and surface roughness in the active layers of the 
ESPA3 and TFN membranes were determined.  Conclusions were drawn regarding 
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the methodology, testing, evidence of robustness and repeatability associated with the 
technique.   
 Chapter 3:  This chapter evaluates the effect of zeolite loading on the physico-
chemical properties of LTA zeolite-based TFNs, in collaboration with Arizona State 
University.   Five handmade samples, at loadings ranging between 0.0 to 0.75 wt% 
were studied.  Each sample was characterized for its near-surface (top ~7 nm) and 
volume-averaged elemental composition, concentration of ionizable sites and degree 
of crosslinking, as well as for their volume-averaged ionization behavior as a function 
of pH, water sorption, void structure, surface roughness, water flux and salt rejection.  
Conclusions were drawn regarding the effects of LTA zeolites on active layer 
properties and how these effects correlate with TFN performance.  
 Chapter 4: This section explores the use zeolitic imidazole framework materials 
(ZIF8), a subclass of MOFs, in TFN active layers and evaluates their impact on active 
layer properties and performance.  Thirteen different handmade membrane types were 
characterized for water flux and salt rejection, and selected membranes of interest 
were characterized for their concentration of ionizable sites, ionization behavior as a 
function of pH, water sorption, void structure, and surface roughness.  Four of the 
thirteen membranes were prepared with a ZIF8 (~100 nm in diameter) loading in the 
casting acyl chloride solution raging between 0.015 and 0.75 wt%.  Three TFNs 
contained carbonized ZIF8 nanoparticles (0.15 wt%), where carbonization was used 
to change the surface area of the nanoparticles.  An additional four TFN samples were 
cast with ZIF8 nanoparticles (0.15 wt%) having different particle sizes ranging 
between ~20 nm and 200 nm.  Finally, two TFCs cast and tested six months apart 
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served as controls.  Conclusions were drawn regarding the impact of ZIF8 
nanoparticle size and surface area on active layer properties and TFN performance. 
The appendices follow Chapter 6. The appendices include “Supporting Information” referenced 
in the main text of Chapter 3 and Chapter 4, as well as other experimental data.  
  
18 
REFERENCES 
1) http://www.un.org/waterforlifedecade/scarcity.shtml 
2) Malaeb, L.; Ayoub, G. M. Reverse osmosis technology for water treatment: State of the art 
review. Desalination, 267, 2011, 1–8. 
3) Crittenden, J.C., Trussell, R. R., Hand, D. W., Howe, K. J., and Tchobanoglous, G. MWH’s 
Water Treatment: Principles and Design, Third Edition, John Wiley & Sons, New Jersey, 
2012 
4) Petersen R.J., Composite reverse osmosis and nanofiltration membranes, Journal of 
Membrane Science, 83, 1993, 81-150. 
5) Lee, K. P., Arnot, T. C., Mattia, D., "A review of reverse osmosis membrane materials for 
desalination—Development to date and future potential." J. Membr. Sci. 2011, 370 1-2 1-22. 
6) Pendergast, MT. and Hoek, E, A review of water treatment membrane nanotechnologies, 
Energy Environmental Science, 4, 2011, 1946 
7) Jeong, B.-H.; Hoek, E.M.V.; Yan, Y.; Subramani, A.; Huang, X.; Hurwitz, G.; Ghosh, A.K.; 
Jawor, A. "Interfacial polymerization of thin film nanocomposites: A new concept for 
reverse osmosis membranes." Journal of Membrane Science, 294 (1-2), 2007, 1-7. 
8) Lind, M. L.; Jeong, B-H;  Subramani, A.; Huang, X.; Hoek, E.M.V “Effect of mobile cation 
on zeolite-polyamide thin film nanocomposite membranes,”  J.  Mater.  Res, Vol.  24, 5, May 
2009 
9) Lind, M. L.; Ghosh, A.K.; Jawor, A.; Huang, X.; Hou, W.; Yang, Y.; Hoek, E.M.V.  
"Influence of zeolite crystal size on zeolite-polyamide thin film nanocomposite membranes." 
Langmuir, 25 (17), 2009, 10139-10145. 
10) Lind, M. L.; Suk, D.E.; Nguyen, T-V.; Hoek, E.M.V."Tailoring the Structure of Thin Film 
Nanocomposite Membranes to Achieve Seawater RO Membrane Performance." Environ Sci 
Technol, 44 (21), 2010, 8230–8235. 
11) Ma, N. et al., Zeolite-polyamide thin film nanocomposite membranes: Towards enhanced 
performance for forward osmosis, Journal of Membrane Science 405–406, 2012, 149–157 
12) Hofs, B.; Schurer, R.; Harmsen, D.J.H; Ceccarelli, C.; Beerendonk, E.F.; Cornelissen, 
E.R."Characterization and performance of a commercial thin film nanocomposite seawater 
reverse osmosis membrane and comparison with a thin film composite." Journal of 
Membrane Science, 446, 2013, 68-78 
13) Dong, H.; Zhao, L.; Zhang, L.; Chen, H.; Gao, C.; Ho, W.S. W. High-flux reverse osmosis 
membranes incorporated with NaY zeolite nanoparticles for brackish water desalination, H. 
Dong et al. / Journal of Membrane Science 476, 2015, 373–383 
19 
14) Kwak, S. Y. et al. Hybrid organic/inorganic reverse osmosis (RO) membrane for bactericidal 
anti-fouling. 1. Preparation and characterization of TiO2 nanoparticle self-assembled 
aromatic polyamide thin-film-composite (TFC) membrane. Environmental Science and 
Technology. 35, 2001, 2388–2394. 
15) Lee, et al Silver nanoparticles immobilized on thin film composite polyamide membrane: 
Characterization, nanofiltration, antifouling properties. Polymers for Advanced 
Technologies, 18, 2007, 562–568.Jacangelo, J. G.; Trussell, R. R.; Watson, M. Role of 
membrane technology in drinking water treatment in the United States. Desalination, 113, 
1997, 119–127 
16) Wijmans, J. and Baker, R.  The Solution-Diffusion Model: a review, Journal of Membrane 
Science, 107, 1995, 1-21 
17) Lin Lin, Characterization of the water transport properties of the active layers of polyamide 
reverse osmosis and nanofiltration membranes, Dissertation published at The University of 
North Carolina at Chapel Hill, 2015, 1-275 
18) Coronell, O.; Mariñas, B.J.; Zhang, X.; Cahill, D.G."Quantification of Functional Groups and 
Modeling of Their Ionization Behavior in the Active Layer of FT30 Reverse Osmosis 
Membrane." Environ Sci Technol, 42, 14, 2008, 5260-5266. 
19) Tiraferri, A. and Elimelech, M. Direct quantification of negatively charged functional groups 
on membrane surfaces, J. Membr. Sci., 389 2012, 499-508. 
20) Yin, J. and Deng, B. "Polymer-matrix nanocomposite membranes for water treatment." 
Journal of Membrane Science, 479, 2015, 256-275.B 
21) Yaghi, O. M. O'Keeffe, M., Ockwig, N. W., Chae, H. K., Eddaoudi, M. & Kim, J., Reticular 
synthesis and the design of new materials. Nature 423, 2003, 705–714 
22) Furukawa, H., Cordova, K. E., O’Keeffe, M., Yaghi, O.M.,  The Chemistry and Applications 
of Metal-Organic Frameworks Science 341, 2013, 1230444. 
23) Phan, A. Doonan, C. J., Uribe-romo, F. J., Knobler, C. B., O’keeffe, M.  and. Yaghi., O. M., 
Synthesis, Structure, and Carbon Dioxide Capture Properties of Zeolitic Imidazolate 
Frameworks, Accounts Of Chemical Research, Vol. 43, No. 1, 2010, 158-67 
24) Mueller, U., Schubert, M., Teich, F., Puetter, H., Schierle-Arndt, K.  and Pastre ́, J.  Metal-
organic frameworks—prospective industrial applications. J. Mater. Chem. 16, 2006, 626  
25) Fane, A. G., Wang, R. and Hu, M. X.  Synthetic Membranes for Water Purification: Status 
and Future, Angew. Chem. Int. Ed. 54, 2015, 3368 – 3386 
26) Elton M. Dias and Camille Petit, Towards the use of metal–organic frameworks for water 
reuse: a review of the recent advances in the field of organic pollutants removal and 
degradation and the next steps in the field, J. Mater. Chem. A, 3, 2015, 22484. 
20 
27) C. Wang, X. Liu, J. P. Chen & K. Li, Superior removal of arsenic from water with zirconium 
metal-organic framework UiO-66, Scientific Reports, 5, 2015, 16613 
28) Zubair Hasan 1, Nazmul Abedin Khan, Sung Hwa Jhung, Adsorptive removal of diclofenac 
sodium from water with Zr-based metal–organic frameworks, Chemical Engineering Journal 
284, 2016, 1406–1413 
29) Pan, Y., Liu, Y., Zeng, G., Zhao, L., Lai, Z., Rapid Synthesis of Zeolitic Imidazolate 
Framework-8 (ZIF-8) Nanocrystals in Aqueous System, Chem. Commun., 2011, 47, 2071-
2073 
30) Elton M. Dias and Camille Petit, Towards the use of metal-organic frameworks for water 
reuse: a review of the recent advances in the field of organic pollutants removal and 
degradation and the next steps in the field, Journal of Materials Chemistry A: Materials for 
Energy and Sustainability (2015), 3(45), 22484-22506. 
31) Barankova, E. Pradeep, N.  and Peinemann, K.-V.,  Zeolite-imidazolate framework (ZIF-8) 
membrane synthesis on a mixed-matrix substrate, Chem. Commun., 2013, 49, 9419    
32) Sorribas, S., Gorgojo, P., Tellez, C., Coronas, J., and Livingston, A., High Flux Thin Film 
Nanocomposite Membranes Based on Metal−Organic Frameworks for Organic Solvent 
Nanofiltration J. Am. Chem. Soc. 2013, 135, 15201−15208. 
33) Duan, J., Pan, Y., Pacheco, F., Litwiller, E., Lai, Z., Pinnau, I.  High-performance polyamide 
thin-film-nanocomposite reverse osmosis membranes containing hydrophobic zeolitic 
imidazolate framework-8, Journal of Membrane Science 476 (2015) 303–310 
34) Zhang, X.; Cahill, D. G.; Coronell, O.; Mariñas, B. J.. Absorption of water in the active layer 
of reverse osmosis membranes J. Membr. Sci. 2009, 331 (1–2), 143–151. 
35) Lee, J.; Doherty, C. M.; Hill, A. J.; Kentish, S. E. Water vapor sorption and free volume in 
the aromatic polyamide layer of reverse osmosis membranes. J. Membr. Sci. 2013, 425–426, 
217–226. 
36) L. Lin, R. Lopez, G.Z. Ramon, O. Coronell, Investigating the void structure of the polyamide 
active layers of thin-film composite membranes, J. Membr. Sci. 497 (2016) 365–376. -Tang, 
C. Y.; Kwon, Y.-N.; Leckie, J. O. Effect of membrane chemistry and coating layer on 
physiochemical properties of thin film composite polyamide RO and NF membranes I. FTIR 
and XPS characterization of polyamide and coating layer chemistry.  Desalination 2009, 242 
(1–3), 149–167. 
37) Tang, C. Y.; Kwon, Y.-N.; Leckie, J. O. Effect of membrane chemistry and coating layer on 
physiochemical properties of thin film composite polyamide RO and NF membranes II. 
Membrane physiochemical properties and their dependence on polyamide and coating layers. 
Desalination 2009, 242, 168–182.  
21 
38) Tang, C. Y.; Kwon, Y.-N.; Leckie, J. O. Probing the nano- and micro-scales of reverse 
osmosis membranes—A comprehensive characterization of physiochemical properties of 
uncoated and coated membranes by XPS, TEM, ATR-FTIR, and streaming potential 
measurements. J. Membr. Sci. 2007, 287 (1), 146–156. 
39) Coronell, O.; ter Horst, M.; Donley, C. Microanalysis of reverse osmosis and nanofiltration 
membranes. In Encyclopedia of Membrane Science and Technology; Hoek, E. M. V., 
Tarabara, V. V., Eds.; John Wiley & Sons, Inc., 2013; p 36. 
40) Bernstein, R.; Kaufman, Y.; Freger, V. Membrane characterization. In Encyclopedia of 
Membrane Science and Technology; Hoek, E. M. V., Tarabara, V. V., Eds.; John Wiley & 
Sons, Inc., 2013; p 41. 
41) Kim, S. H.; Kwak, S.-Y.; Suzuki, T. Positron annihilation spectroscopic evidence to 
demonstrate the flux-enhancement mechanism in morphology-controlled thin-film-composite 
(TFC) membrane. Environ. Sci. Technol. 2005, 39 (6), 1764–1770. 
42) Mi, B.; Coronell, O.; Mariñas, B. J.; Watanabe, F.; Cahill, D. G.; Petrov, I. Physico-chemical 
characterization of NF/RO membrane active layers by Rutherford backscattering 
spectrometry. J. Membr. Sci. 2006, 282 (1–2), 71–81. 
43) Freger, V. Swelling and morphology of the skin layer of polyamide composite membranes: 
an atomic force microscopy study. Environ. Sci. Technol. 2004, 38 (11), 3168–3175. 
44) Coronell, O.; Mariñas, B. J.; Cahill, D. G. Accessibility and ion exchange stoichiometry of 
ionized carboxylic groups in the active layer of FT30 reverse osmosis membrane. Environ. 
Sci. Technol. 2009, 43 (13), 5042–5048. 
45) Mi, B.; Mariñas, B. J.; Cahill, D. G. RBS characterization of arsenic(III) partitioning from 
aqueous phase into the active layers of thin-film composite NF/RO membranes. Environ. Sci. 
Technol. 2007, 41 (9), 3290–3295. 
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CHAPTER 2 - RELIABLE BENCH-TOP MEASURMENTS OF CHARGE DENSITY IN 
THE ACTIVE LAYERS OF THIN-FILM OCMPOSITE AND NANOCOMPOSITE 
MEMBRANES USING QUARTZ CRYSTAL MICROBALANCE TECHNOLOGY 1 
2.1 Introduction 
Thin-film composite (TFC) membranes are commonly used in reverse osmosis (RO), 
nanofiltration (NF), forward osmosis (FO), and other membrane-based separation processes1-4 
for a broad range of applications such as water desalination and reuse1,3, 5, treatment of industrial 
wastewater6, 7, liquid food processing8-10, and energy production.11-13  TFC membranes 
commonly consist of a top ultrathin (≈20-200 nm) active layer made of polyamide, supported by 
a porous polysulfone support (≈30 µm) backed by non-woven polyester fibers (≈200 µm).1, 14   A 
recent variation of TFC membranes, with the potential to deliver higher water permeability with 
minimal changes in salt rejection, are thin-film nanocomposite (TFN) membranes which have 
nanoparticles (e.g., titanium dioxide, zeolites, carbon nanotubes) embedded within the active 
layer polymer matrix.14-18  In both TFC and TFN membranes, the active layer is the main barrier 
to the permeation of water and solutes1, 15, and charge density is one of the active layer properties 
that determines membrane performance.1, 14, 19-21 
Charge density in the polyamide matrix of TFC and TFN active layers is the result of the 
ionization of carboxylic and amine groups that are the product of the incomplete crosslinking of 
reactants during active layer casting.1, 14  In TFN membranes, charged sites may also be 
                                                     
1 This chapter previously appeared as an article in the Journal of Membrane Science. The original citation 
is as follows: Perry, L. A. and Coronell, O., "Reliable, bench-top measurements of charge density in the 
active layers of thin-film composite and nanocomposite membranes using quartz crystal microbalance 
technology." J. Membr. Sci. 2013, 429: 23-33. 
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contributed by the nanoparticles.16, 22  Since a larger charge density  is the result of a lower 
degree of polyamide crosslinking,1, 14, 23 charge density is related to pore structure and size 
exclusion of contaminants.1, 20, 24  Charge density also affects membrane surface hydrophilicity,1, 
25 electrostatic interactions with foulants,21, 26, 27 and electrostatic exclusion of ionic 
contaminants.14, 19, 20   Charged sites are also sometimes used as reactive sites for membrane 
modification.28-30  As a result, reliable, user-friendly methods for the quantification of charge 
density in active layers can serve as useful tools to accelerate the development of TFC and TFN 
membranes. 
Different procedures have been used to measure charge density in the active layers of 
TFC membranes.23, 25, 31-33   The reported procedures can be classified into those that measure the 
volume-averaged charge density of the active layer23, 31, 33 and those that measure the surface 
charge density.25, 32, 33  In this study, we focus on the quantification of the volume-averaged 
charge density of the active layer, for which the main technical obstacle is that the active layer 
must be resolved from the rest of the membrane. This obstacle has been overcome by two 
methods,23, 33 both of which tagged ionized functional groups in the active layer using ions and 
subsequently quantified the concentration of tagging ions in the active layer. 
The first method23, 24 characterized the ionization behavior of various commercial TFC 
membranes as a function of pH by using silver (Ag+) and tungstate (WO42-) ions to tag 
negatively ionized carboxylic groups and positively ionized amine groups, respectively, through 
ionic association.  The concentration of silver and tungstate ions in the active layer was 
subsequently quantified using Rutherford backscattering spectrometry (RBS).  Unfortunately, 
while the ion probing+RBS method is precise and reliable, RBS analysis requires specialized 
expensive instrumentation.33  The second method33 used uranyl (UO2 
2+) ions to tag carboxylic 
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groups via complexation, and subsequently quantified the concentration of uranyl ions in the 
active layer using liquid scintillation counting.  One important drawback of the uranyl method 
towards the study of membrane charge is that it measures only the total concentration of 
carboxylic groups33 (i.e., ionized plus non-ionized groups) and therefore only quantifies charge 
density at full ionization, which for most cases occurs at pH>1023, 24. 
One technology that has not been explored to measure charge density in active layers is 
quartz crystal microbalance (QCM) technology.34-36  The sensitivity of current QCM equipment 
should be able to detect tagging ions and molecules such as those used in the ion probing+RBS 
and uranyl binding methods.  For example, the areal mass of silver ions that would saturate the 
negative sites of a polyamide active layer with a thickness of 100 nm and carboxylic group 
concentration of 0.5 M, which are within the range of values reported in the literature24, would 
be 540 ng/cm2; this areal mass is well above the few ng/cm2 detection limit of current QCM 
equipment.35  Given that QCM operation requires that any mass added to a microbalance sensor 
be much lower than the mass of the sensor itself,34-36 the active layer would need to be isolated 
on the sensor without the much heavier polysulfone and polyester support layers.  Such an 
obstacle is not unsurmountable as evidence of successful isolation of polyamide active layers on 
silicon and zinc selenide (ZnSe) surfaces, and on polyimide-coated microbalance sensors, 
already exists in the literature.37-40  Accordingly, the objective of this study was to develop a 
method to reliably measure the volume-averaged charge density in the active layers of TFC and 
TFN membranes as a function of pH by first isolating the active layer on microbalance sensors, 
and then using QCM equipment to measure the areal mass (ng/cm2) of an ion probe that saturates 
the charged sites in the isolated active layers.  Given that in the pH range of interest for water 
treatment (pH>6), the concentration of positively charged sites (<0.004M) in the active layers of 
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TFC membranes is negligible compared to the concentration of negatively charged sites (>0.1 
M),23, 24 this study focused on the quantification of negative charge density.  Procedures for 
membrane sample preparation and testing, illustrative results, and evidence of reliability, 
repeatability, reproducibility, and accuracy are presented. 
2.2 Materials and Methods 
2.2.1 Chemicals and solvents 
A.C.S. certified cesium chloride (CsCl, 99.999%), cesium hydroxide (CsOH, 99.95%) 
and silver nitrate (AgNO3, 99%+) were purchased from Sigma Aldrich (Saint Louis, MO). 
HPLC grade dimethylformamide (DMF), and A.C.S. certified nitric acid (HNO3, 70%), 
hydrochloric acid (HCl, 37%), ethanol (95%), hydrogen peroxide (30%) and ammonium 
hydroxide (25%) were acquired from Fisher Scientific (Pittsburgh, PA).  All chemicals and 
solvents were used as received from the manufacturer without further purification. 
2.2.2 Membranes  
A thin-film composite (TFC) membrane and a thin-film nanocomposite (TFN) membrane 
were studied. Since most commercial TFC membranes have polyamide active layers, as 
mentioned in the introduction, the TFC membrane tested was the ESPA3 RO membrane 
(Hydranautics, Oceanside, CA) which has a fully-aromatic polyamide active layer,24 and was 
received from the manufacturer as a spiral-wound element.  The TFN membrane tested had an 
active layer with LTA zeolite nanoparticles embedded in a fully-aromatic polyamide matrix at a 
concentration of 0.76 % w/w. The TFN membrane was prepared as described elsewhere18 and 
was received from the Lind Laboratory at Arizona State University (Tempe, AZ) as a 5x5 cm2 
sample.  Both membranes were stored at 4.4 0.5 C upon receipt.  The membrane samples 
whose active layers were isolated on microbalance sensors or silicon wafers consisted of 2.5x5.0 
cm2 coupons cut from the received TFC spiral-wound element and TFN sample.  Prior to use, the 
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membrane coupons were thoroughly rinsed with and stored in ultrapure water (≥17.8 MΩ∙cm) 
from a Dracor ultrapure water system (Dracor, Durham, NC).  In brief, the coupons were 
immersed 5 times, each time for 1 minute, in fresh ultrapure water in a clean 125 mL amber 
bottle.  Next, the following cycle was repeated a minimum of three times: immersion of coupons 
in ultrapure water for 12 hours, followed by 5 consecutive immersions of 1 minute each in 
fresh ultrapure water.  The rinsed coupons were then stored in ultrapure water in amber glass 
bottles. 
2.2.3 Cleaning procedure for microbalance sensors and silicon wafers 
Membrane active layers were isolated on quartz crystal microbalance sensors or silicon 
wafers.  The microbalance sensors (Biolin Scientific, Lithicum Heights, MD) were 14 mm in 
diameter and polished to a root-mean-square roughness of 3 nm, and had a gold coating (100 
nm), an AT crystal cut, and a resonance frequency of 4.95 MHz 50 kHz.  The silicon wafers 
had a polished surface onto which the active layers were isolated.  The preparation of the sensor 
and silicon wafer prior to active layer isolation was identical; for illustrative purposes, we 
describe the preparation procedure using the sensor as an example.  First, each sensor with the 
gold surface facing up was exposed for 10 minutes to both ozone and ultraviolet light (185-254 
nm) using an ultraviolet/ozone cleaner (PROCLEANER, Bioforce Nanosciences, Ames, IA).  
Next, the sensors were removed from the ultraviolet/ozone chamber, placed in a TEFLON 
holder, and immersed for 5 min in a 5:1:1 solution of ultrapure water, ammonium hydroxide 
(25%) and hydrogen peroxide (30%), respectively, which had been pre-heated to 75 C.  Then, 
the sensors were removed from the heated solution, rinsed thoroughly with ultrapure water, and 
immediately dried with ultrapure nitrogen.  Finally, the dried sensors were cleaned again using 
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the ultraviolet/ozone cleaner as described above.  The sensors were stored in sealed plastic boxes 
for no more than 24 hours before use. 
2.2.4 Active layer isolation 
Prior to removal of the polyester and polysulfone layers from the TFC and TFN 
membrane coupons, the coupons were rinsed via 5 consecutive immersions in fresh ultrapure 
water, each time for 1 minute, and then dried by placing the coupons between two pieces of 
Whatman filter paper No. 1 (GE Healthcare, Piscataway, NJ), and applying fingertip pressure.  
The procedure used to isolate the active layers of TFC and TFN membrane coupons on 
microbalance sensors and silicon wafers was based on the use of dimethylformamide (DMF) for 
dissolution of the polysulfone support as described elsewhere.37-39  Figure 2.1 and this section 
describe the procedure used for the isolation of active layers on microbalance sensors, and the 
same procedure was used to isolate active layers on silicon wafers. 
At a corner of the membrane coupons, the polyester layer was separated from the rest of 
the membrane using a clean thin knife blade (X-ACTO, Elmer‟s Products, Inc., Columbus, OH), 
and the polyester layer was then completely peeled off by hand.  The active layer side of the 
membrane coupon without the polyester layer (Figure 2.1a) was placed against a clean gold-
coated quartz crystal microbalance (QCM) sensor resting on a custom 4.5x4.5 cm2 stainless steel 
316 support (Figure 2.1b).  Next, 3-5 drops of ethanol were added on the polysulfone side of the 
membrane to flatten the membrane against the sensor surface, and the membrane and sensor 
were sandwiched between the square stainless steel support and a custom 4.5x4.5 cm2 stainless 
steel 316 frame having an inner 2x2 cm2 opening that allowed access to the sandwiched 
membrane and sensor as depicted in Figure 2.1c.  The metal support and frame were secured to 
each other using six screws.  The custom stainless steel assembly allowed us to ensure 
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consistency in the active layer isolation procedure among different membrane coupons.  Slowly 
and carefully DMF was added on the polysulfone side of the membrane coupon (Figure 2.1c) to 
dissolve the polysulfone support using the following sequence a total of 25 times: drop-wise 
addition of 2 ml of DMF, let stand for 1 minute, disposal of the DMF-polysulfone solution by 
tilting the stainless steel assembly, and removal of the remaining DMF-polysulfone solution at 
one of the corners of the stainless steel frame using a KIMWIPES tissue. After dissolution of the 
polysulfone layer, the entire assembly was allowed to dry in air overnight.  A scalpel was then 
used to cut the active layer at the edge of the sensor where necessary so as to free the sensor from 
the bottom stainless steel base.  After removing the top stainless steel frame, the active layer-
coated sensor, referred to as the AL+sensor sample, was dipped in 50 ml of DMF and gently 
agitated for 5 min.  This step was repeated with fresh DMF two additional times, after which 
the sensor was allowed to dry in air overnight.  Next, the AL+sensor sample was immersed in 50 
ml of fresh DMF undisturbed for 4 hours, removed, allowed to dry in air, thoroughly rinsed with 
ultrapure water and dried with ultrapure nitrogen (99.999%) (Airgas National Welders, 
Charlotte, NC).  The dried AL+sensor sample (see Figure 2.1d) was stored in a sealed plastic box 
until further use.   
2.2.5 QCM analyses 
QCM analyses were performed in air and aqueous solution using a Q-Sense E4 quartz 
crystal microbalance (Biolin Scientific, Lithicum Heights, MD).  The E4 microbalance has four 
modules that allowed for simultaneous testing with the same test solution of up to four sensors, 
one of which always corresponded to a control sensor (i.e., without isolated active layer).  All 
tests were performed in continuous flow mode (0.1 mL/min) at 220.02C.  
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Prior to all tests, the frequency of vibration of the sensors was monitored for 20 minutes 
in both air and ultrapure water to ensure stability of readings.  During experiments, AL+sensor 
samples were exposed to various test solutions.  For each test solution, data was continuously 
collected until QCM readings stabilized.  Stabilization of readings occurred when the variability 
in measured values was less than 1% during a 30 minute reading.  Once stabilized, the 
AL+sensor sample could be exposed to a new test solution.  Aqueous solutions were always 
degassed in a FISHERBRAND FS30 sonicator bath (Fisher Scientific) for approximately 30 
minutes before use. 
One objective of QCM analyses was to measure the areal mass of active layers (mAL,areal) 
of TFC and TFN membranes isolated on quartz crystal sensors.  The mAL,areal values were 
obtained based on the difference between microbalance readings for the sensors in air before and 
after active layer isolation.  For each sample, four measurements were taken each before and 
after active layer isolation to obtain the uncertainty in the mass of active layer isolated. 
The main objective of QCM analyses was to measure the areal mass of cesium ion 
(mCs,areal ) that ionically associated with negatively charged sites in TFC and TFN active layers. 
The mCs,areal values were obtained based on the difference between microbalance readings for 
AL+sensor samples in ultrapure water and in aqueous cesium solutions.  When the objective of 
the test was to measure mCs,areal at pH10.50, the test consisted of five cycles of exposure to 
aqueous CsOH solution and ultrapure water. Other tests had the objective of assessing mCs,areal at 
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Figure 2.1.  Schematic of the procedure used for the isolation of active layers of thin film 
composite (TFC) and thin-film nanocomposite (TFN) membranes on quartz crystal 
microbalance (QCM) sensors and silicon wafers. (a) The polyester backing is peeled off from 
the active layer and polysulfone support. (b) The membrane coupon minus polyester backing is 
placed against the QCM sensor with the active layer facing the sensor. (b-c) The membrane 
coupon and sensor are secured to each other using a custom stainless steel (SS) 316 assembly, 
and (c) the polysulfone support is dissolved using dimethylformamide (DMF). (d) The final 
product is the isolated active layer on the QCM sensor (AL+sensor sample). 
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various pH conditions in the pH range of 4.89-10.62, and were performed as follows: (1) three 
initial cycles of exposure to CsOH solution at pH10.50 and ultrapure water; (2) depression of 
the pH of the CsOH solution to the next pH of interest using concentrated hydrochloric acid 
(HCl); (3) one cycle of exposure to the CsOH solution at the newly adjusted pH followed by 
exposure to ultrapure water; and (4) iteration of steps 3 and 4 at the remaining pH conditions of 
interest. QCM tests were also performed to assess the effect of the ionic strength of the CsOH 
solution on the measured mCs,areal value; the ionic strength was adjusted using CsCl 
concentrations in the 0.5-2.0 mM range and the experimental pH value of cesium solutions was 
in the range of 10.48-10.54. 
2.2.6 Ion-probe solutions 
Solutions containing cesium (Cs+) or silver (Ag+) ions as ion probes of interest were 
prepared by dissolving cesium chloride (CsCl), cesium hydroxide (CsOH) or silver nitrate 
(AgNO3) in ultrapure water.  The pH of the cesium solutions was adjusted by addition of HCl or 
CsOH, and the pH of the silver solutions was adjusted by addition of nitric acid (HNO3) or 
sodium hydroxide (NaOH).  An Accumet AB15 pH meter (Fisher Scientific) was used to 
monitor pH adjustments with an accuracy of 0.02 pH units.  Silver solutions were prepared and 
used under dim red light environment to avoid photo reactivity.  The concentrations of cesium 
(<6x 10-3 M) and silver (<10-5 M) in solution were always below their solubility limits.41 Cesium 
solutions were used in microbalance tests as described in Section 2.2.5, and silver solutions were 
used for ion probing+RBS analyses as described in Section 2.2.7. 
2.2.7 Ion probing with silver ion (Ag+) 
Extensive details on the ion probing+RBS method for quantification of charge density in 
active layers can be found elsewhere.23, 42  In brief, the negative sites in the active layers of 2.5x5 
cm2 membrane coupons were probed using Ag+ which is a monovalent ion easily quantified by 
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RBS.  Ion probing was achieved by immersion of the membrane sample in concentrated (2x10-6-
10-5 M) AgNO3 aqueous solution at the pH of interest, and subsequent rinsing of the membrane 
sample with dilute (10-6 M) AgNO3 aqueous solution at the same pH of the concentrated 
solution.  The rinsing step ensures that the concentration of Ag+ in the active layer not ionically 
associated with the negative sites is below the detection limit of the RBS technique (~0.001 M 
for silver).  Given that each silver ion detected is associated with a negative site, the measured 
concentration of silver in the active layer is equal to that of negative sites in the active layer.  Ion 
probing of ESPA3 membrane samples with Ag+ for subsequent RBS analyses was performed 
with silver solutions at pH values of 6.19, 8.45 and 10.50. 
2.2.8 RBS analyses 
RBS experimental procedures and data analysis were similar to those described 
elsewhere.42, 43 RBS analyses were performed using a 2-MeV He2+ square beam with a side of 3 
mm generated with a tandem Van de Graaff accelerator and a 2-MeV circular He+ beam with a 
diameter of 3 mm generated with a Van de Graaff accelerator.  For each sample, the beam was 
scanned over 8 cm2 of the sample surface, and the helium ion fluence was maintained under 
1014 He/cm2 which is below the threshold of 3×1014 He/cm2 above which the polymer elemental 
composition of membrane samples has been reported44 to be compromised.  The incident, exit 
and scattering angles of the helium beam were and 22.5o, 42.5o and 160o, respectively, for the 
square He2+ beam, and 22.5o, 52.5o and 150o, respectively, for the circular He+ beam.  Beam 
currents in the 40-80 Na range were used in all cases.  The commercial software SIMNRA45 was 
used for raw data analysis.  
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2.2.9 EDS analyses 
Energy dispersive X-ray spectroscopy (EDS) analyses were performed using a Helios 
NANOLAB DUALBEAM system (FEI, Hillsboro, OR) equipped with an INCA X-ray 
microanalysis system (OXFORD Instruments, United Kingdom) having a Si(Li) INCA 
PentaFET-x3 detector.  An accelerating voltage and current of 20 kV and 0.34 nA, respectively, 
were used.  All samples were coated with 2 nm of Au/Pd to prevent charging. 
2.3 Results and Discussion 
2.3.1 Evaluation of the extent of dissolution and of the importance of complete dissolution 
of the polysulfone support in AL+sensor samples 
 We evaluated the extent of polysulfone dissolution by the active layer isolation procedure 
using energy dispersive X-ray spectroscopy (EDS) analyses of an active layer isolated on a 
silicon wafer.  The EDS results showed that sulfur was below detection limit, therefore 
confirming the successful dissolution of polysulfone.  Next, we evaluated the importance of 
ensuring the complete dissolution of the polysulfone support by comparing the cation adsorption 
capacity of the polysulfone support to the cation exchange capacity of the active layer.  If the 
polysulfone support had a relatively high cation adsorption capacity, then traces of polysulfone 
in the AL+sensor sample would appreciably increase the mass of cesium ion that would associate 
with the AL+sensor sample, and would lead to an overestimation of the charge density of the 
active layer.  Conversely, if the polysulfone support had a negligible cation adsorption capacity, 
then traces of polysulfone in the AL+sensor sample would have a negligible effect on the mass 
of cesium ion that would associate with the AL+sensor sample, and would not affect charge 
density measurements. 
We measured the cation adsorption capacity of the polysulfone support and cation 
exchange capacity of the active layer in the pH range of 6.19-10.50 using the silver 
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probing+RBS method developed in previous work.23  For the tests, we used TFC ESPA3 
membrane samples that had not been subjected to the active layer isolation procedure.  Figure 
2.2 shows an illustrative RBS spectrum of a TFC ESPA3 membrane sample probed with silver at 
pH = 10.50.  The inset in the figure zooms in on the silver signals from the active layer (i.e., peak 
centered at 1.7 MeV) and polysulfone support (i.e., plateau to the left of the 1.7 MeV peak).  
The silver signal counts are directly proportional to the silver content which for the case of the 
spectrum in Figure 2.2 was found to be 3x10-5 atom/atom in the polysulfone support and 
1392x10-5 atom/atom in the active layer; both values were the maximum silver content obtained 
in the polysulfone support and active layer, respectively, in the pH range tested. 
Even though there are no negative charges in the polymer structure of polysulfone,1 RBS 
analyses detected a minimal but quantifiable cation uptake by the polysulfone support, likely due 
to non-specific adsorption.  The cation adsorption capacity of the polysulfone support was 29-
178 times lower in an atom/atom basis than the ion exchange capacity of the active layer; the 
broad 29-178 fold range was the result of the increasing negative charge density of the active 
layer with increasing pH due to deprotonation of carboxylic groups in the pH range tested of 
6.19-10.50.  The results indicate that even if 10% of the polymer mass in the AL+sensor sample 
were due to undissolved polysulfone support, the error in the estimation of the areal negative 
charge density (sites/nm2) of the active layer in an AL+sensor sample would be negligible 
(<0.38%).  As a result, we conclude that undissolved polysulfone residues at low percentages in 
AL+sensor samples do not significantly affect the measured areal charge density.  It is important 
to note, however, that even though the ion association to polysulfone is 29-178 times lower than 
that to polyamide, experimental procedures that do not physically isolate the active layer, or 
resolve the active layer from the support layers during analysis, would measure a cation uptake 
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by the membrane approximately 2-10 times larger than the negative charge density of the active 
layer due to the 300 times thicker polysulfone support. 
2.3.2 Suitability of AL+sensor samples for measuring mass changes via QCM analyses 
Having confirmed that any traces of the polysulfone support in the AL+sensor samples 
are negligible, and that the ion adsorption capacity of the polysulfone support is negligible 
compared to the ion exchange capacity of the active layer, we proceeded to verify that 
AL+sensor samples were suitable samples for measuring mass changes via QCM analyses in 
both air and aqueous media (i.e., that Equation 2.1 below was valid for AL+sensor samples).  
The principles of operation of quartz crystal microbalances are extensively described 
elsewhere.34-36   
In brief, the increase/decrease in the mass (m) of the quartz crystal sensor (e.g., mass 
increase due to isolation of a membrane active layer on the sensor, absorption or desorption of 
ion probes in the active layer) is quantified via the measurement of the decrease/increase of the 
resonant frequency (f) of vibration of the crystal sensor under an applied oscillating electric 
field.34-36  If the mass added to the sensor is evenly distributed over the sensor, is significantly 
smaller than the mass of the sensor, does not deform internally due to oscillatory motion (i.e., it 
is rigid), and is firmly attached to the sensor, then there is a linear relationship between m and 
f as expressed by the Sauerbrey equation35, 36, 46  
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Figure 2.2.  Rutherford backscattering spectrometry (RBS) spectrum of a TFC ESPA3 
membrane sample probed with silver ion (Ag+) at pH = 10.50. The average elemental 
composition of the protonated polyamide active layer and polysulfone support were C0.489 
N0.082O0.096 Cl0.007 H0.326 and C0.500S0.019O0.074H0.407, respectively. 
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m =  −
𝐶
𝑛
f           (2.1) 
where C is the mass sensitivity constant of the quartz crystal microbalance (C = 17.7 ng/cm2/Hz 
at 5 MHz), n is the overtone number, and f /n is independent of n. We evaluated the suitability 
of the AL+sensor samples for QCM analyses by calculating f /n at overtones n = 3, 5, 7 and 9, 
and verifying that f /n was independent of n.35, 36, 46 
Figure 2.3 presents representative f /n values for QCM sensors in water due to coating 
with active layers of TFC and TFN membranes.  The results indicate that f /n values were 
independent of overtone number with relative standard deviations among overtones of 1.9% and 
0.8% for isolated active layers of TFC membranes and TFN membranes, respectively.  The f /n 
values were also highly stable as a function of time with relative standard deviations of less than 
0.3% for frequency readings taken every 10 seconds over 15 minute periods, which indicates that 
the isolated active layers were firmly attached to the sensors.  We observed the same lack of 
dependence of f /n values on overtone number, and similar relative standard deviations among 
overtones and as a function of time for samples tested in air and for samples tested first in 
ultrapure water and then in ion-probe solutions (data not shown).  Accordingly, we conclude that 
the AL+sensor samples are suitable samples for measuring mass changes in air and aqueous 
media via QCM analysis.   Given that f /n values were independent of overtone number, 
throughout this study we used the data for the third overtone to calculate mass changes during 
QCM analyses.  
2.3.3 Verification of integrity of active layers after polysulfone dissolution with DMF 
Having confirmed that Equation 2.1 was valid for the study of AL+sensor samples, we 
used QCM analysis to verify that polysulfone dissolution with DMF had a minimal impact on the 
properties of isolated active layers by comparing their (1) mass and (2) charge density to 
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corresponding values in non-isolated active layers (i.e., in membrane samples as received from 
the manufacturer).  In this section, we discuss the mass results; the charge density results are 
discussed in Section 2.3.5.   
For non-isolated active layers, the total analysis area was 112 cm2 (14 membrane 
coupons) and data was gathered using RBS analyses.  For isolated active layers, the total analysis 
area was 4.6 cm2 (three AL+sensor samples) and tests were performed using QCM analyses.  
The results showed that the average areal masses of isolated and non-isolated active layers were 
13.270.3 mg/cm2 and12.570.4 mg/ cm2, respectively.  The 5.4% difference in areal mass is 
consistent with a previous study [40] that reported that the active layer mass of a non-isolated 
active layer was ≈10% larger than the active layer mass of an active layer isolated by dissolving 
the polysulfone support with DMF.  The mass difference between isolated and non-isolated 
samples is likely due to variability in the active layer thickness at the different locations in the 
membrane sheet where the samples are cut.42  Manufacturer specifications for membrane 
elements, including those for ESPA3,  commonly disclaim a possible ±15% uncertainty in the 
permeate water flow47-49 which can be due to variability in the effective membrane area and in 
the average active layer thickness.  As the variability of the effective membrane area in 
commercial elements has been specified by manufacturers to be only ±4%,47-49 
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Figure 2.3.  Change in frequency of vibration per overtone number (f /n) for QCM 
sensors in water due to isolation of active layers of TFC ESPA3 and TFN membranes on 
the sensors.  The active layer of the TFN membrane consisted of 0.76%w/w LTA zeolite 
nanoparticles in a fully aromatic polyamide matrix.  The reference value of f /n = 0 corresponds 
to the microbalance response to the sensors in ultrapure water before active layers were isolated 
on them. 
  
-2500
-2000
-1500
-1000
-500
0
TFC TFN

f/
n
 (
H
z
)
AL+sensor
n = 3
n = 5
n = 7
n = 9
Average
41 
then the majority of the ±15% uncertainty in the permeate water flow is likely due to variability 
in the active layer thickness.  Accordingly, we conclude that the relatively small difference 
(5.4%) between the areal masses of isolated and non-isolated active layers indicate that 
polysulfone dissolution with DMF does not result in a detectable dissolution of the active layer 
(and by way of the analysis in Section 2.3.5, nor in a change in the negative charge density).  Our 
results, together with those of a previous study39 that reported that the dissolution of polysulfone 
with DMF did not significantly affect the transport of ferro- and ferricyanide ions in a polyamide 
active layer, indicate that polyamide active layers isolated by dissolving the polysulfone support 
with DMF can be used to study the physical and chemical properties of active layers in TFC 
membranes 
2.3.4 Cesium ion (Cs+) as cation probe for measuring charge density via QCM analyses  
The ideal cation probe for quantifying negative charge density in the AL+sensor samples 
via QCM analyses is monovalent, with a molecular weight as high as possible to increase 
sensitivity of detection, with an ionic radius as small as possible to maximize accessibility to 
negative sites in the active layer, and with a hydration number as small as possible to minimize  
the potential error in the conversion of mass of cation neutralizing negative sites to 
corresponding moles of cations (i.e., moles of negative sites).  Among the candidate alkali metals 
(i.e., Li+, Na+, K+, Rb+, Cs+), cesium is the cation that best satisfies these characteristics as it has 
the highest molecular weight (132.91 g/mole), a non-hydrated radius (<1.7 Å50) smaller than the 
pore radii (>2.1 Å51-53) in polyamide films, the lowest hydrated radius,50, 54, 55 and one of the 
lowest hydration numbers,55 with three of the models used to determine average hydration 
numbers indicating less than one water molecule of hydration.55  Accordingly, we used Cs+ as 
the ion probe to measure negative charge density in isolated active layers via QCM analyses. 
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2.3.5 Measurement of charge density in isolated active layers 
In order to quantify the charge density in isolated active layers, AL+sensor samples were 
exposed sequentially to CsOH aqueous solution and ultrapure water with the purpose of 
measuring the mass of Cs+ that associated with the negative sites in the active layers.  The tests 
were performed in QCM flow cells to ensure complete saturation of negative sites by Cs+ during 
exposure to CsOH solutions and complete release of Cs+ by the negative sites during exposure to 
ultrapure water according to ion exchange theory.56  The pH of cesium was adjusted to pH≈10.5 
as previous ion probing+RBS studies23, 24 have shown that, in general, carboxylic groups in 
active layers are nearly fully (>99%) ionized at pH=10.5.  
Figure 2.4a shows representative frequency changes (n =3) as a function of time that 
occurred during multiple cycles of exposure of (i) a control sensor without isolated active layer 
and (ii) an AL+sensor sample, to CsOH aqueous solution at pH = 10.5 (i.e., Cs+ absorption 
stage) and ultrapure water (i.e., Cs+ desorption stage).  Before the first exposure to CsOH 
solution, the samples were exposed to ultrapure water until stable frequency readings were 
achieved by the microbalance.  The active layer in the AL+sensor sample was that of a TFC 
ESPA3 membrane coupon.  As observed in Figure 2.4a, the control sensor indicates that a 
change in the frequency of vibration of the sensor occurs as a result of the change in solution.  
This frequency change is the result of the differences in viscosities and densities between 
ultrapure water and the CsOH solutions,34, 35 and is therefore also experienced by the AL+sensor 
sample. As a result, Equation 2.1 was re-written as 
𝑚 = −𝐶 (
𝑓
𝑛
 )
𝑛𝑒𝑡
           (2.2) 
where (f /n)net = (f /n)AL+sensor - f /n)control .   
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As described in Section 2.2.5, each exposure to ultra pure water or CsOH solutions was 
ended when equilibrium was attained between the AL+ sensor samples and the test solution as 
indicated by a rate of change in the measured mass lower than 0.25 ng/cm2/min, which typically 
occurred within 60 min of exposure. The last exposure to ultra pure water in Figure 2.4 was used 
to evaluate whether an extended exposure to the test solution (i.e., longer than 60 min) would 
result in a significantly different value for the calculated mass change.  The calculations show 
that there was a difference of less than 3% between the mass release values calculated after 60 
and 420 min of exposure to ultrapure water.  The less than 3% difference cannot be conclusively 
ascribed to incomplete equilibrium at 60 min because there are other factors that may increase 
the mass released at extended contact times.  For example, polymer relaxation may result in 
changes in polymer hydration,60–62 and absorption of carbon dioxide from the atmosphere may 
result in a slight pH decrease of the test solution and a corresponding release of cesium from the 
active layer.  As a result, the criteria of a rate of change of mass lower than 0.25 ng/cm2/min was 
considered appropriate as an indicator of equilibrium between the AL+sensor samples and test 
solution.  
Figure 2.4b shows the calculated mass changes in the isolated active layer of the 
AL+sensor sample during the absorption and desorption stages of each absorption-desorption 
cycle.  In general, the mass absorbed in the first 1-2 cycles was always higher (≈40% or less) 
than the stabilized mass absorbed in cycles 3-5.  Additionally, the mass absorbed during the first 
1-2 cycles was higher than the corresponding mass desorbed, but they became equal at 
subsequent cycles.  As a result, the first two cycles generated an irreversible mass absorbed in 
the active layer that plateaued in subsequent cycles.  The reversible nature of the steady amount 
of mass absorbed and desorbed in cycles 3-5 indicates that it is the result of the absorption and 
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desorption of Cs+ as expected from the deprotonation and protonation, respectively, of 
carboxylic groups in the polyamide structure.  For the experiment depicted in Figure 2.4, the 
standard deviation among the last three desorption values (i.e., 742,733 and 755 ng/cm2 in cycles 
3, 4 and 5, respectively) was less than 2% without any clear trend of increasing or decreasing 
mass released with cycle number.   
The 2% range of variability among the masses released in cycles 3–5 was representative 
of experiments with other AL+sensor samples. As a result, five absorption– desorption cycles 
were considered sufficient to obtain an accurate estimation with an uncertainty of ≈2% of the 
mass change of the AL+sensor samples as a result of the absorption and desorption of Cs+. The 
nature of the irreversible portion of the mass absorbed in cycles 1-2 was unclear, and therefore 
we conducted additional tests to assess its origin.   
The irreversible mass absorbed could have two origins: (i) Cs+ ions not desorbed during 
exposure of the AL+sensor sample to ultrapure water; and (ii) water molecules that hydrated the 
active layer (as a result of increased hydrophilicity upon ionization of carboxylic groups) and 
became ‘trapped’ in the active layer.  To test the origin of the irreversible mass absorbed, the 
AL+sensor sample tested in Figure 2.4 (which had undergone five cycles of exposure to CsOH 
solution at pH ≈ 10.50 and ultrapure water) was dismounted from the microbalance, dried and 
then used to repeat the experiment depicted in Figure 2.4 (i.e., the AL+sensor sample was again 
stabilized in the microbalance with ultrapure water and subjected to five additional cycles of 
exposure to CsOH aqueous solution at pH≈10.50 and ultrapure water).   If Cs+ ions were the 
origin of the irreversible mass, then the new experiment would result in a frequency change 
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Figure 2.4.  Representative (a) frequency changes measured using a QCM and (b) mass 
changes in AL+sensor samples calculated using Equation 2.2 as a result of sequential 
exposure to CsOH aqueous solution at pH = 10.50 (absorption) and ultrapure water at pH 
= 5.87 (desorption). The isolated active layer on the AL+sensor sample corresponds to that of a 
TFC ESPA3 membrane and had a mass of 12,874 ±332 ng/cm2.  The control sample in (a) 
corresponds to a bare QCM sensor. Absorption and desorption values represent increase and 
decrease, respectively, in mass. 
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response markedly different from that in Figure 2.4 because Cs+ cannot be evaporated during 
drying, and we would therefore expect a significantly lower accumulation of irreversible mass.  
Conversely, if water of hydration were the origin of the irreversible mass, then the new 
experiment would result in a frequency change response similar to that in Figure 2.4 because the 
water of hydration would have evaporated during drying.  The results demonstrated, in over 10 
experiments performed with three different AL+sensor samples, that the same frequency and 
mass change pattern observed in Figure 2.4 was obtained when the experiment was repeated 
after drying the AL+sensor sample between experiments. As a result we concluded that (i) the 
irreversible mass absorbed was due to water that hydrated the active layer and (ii) the reversible 
mass absorbed and desorbed after the second cycle in the experiment described by Figure 2.4 
represents the areal mass of cesium ion (mCs,areal ) that associates with the negative charges in 
isolated active layers of AL+sensor samples. 
There are two factors that are likely contributors to the irreversible mass of water 
absorbed by the active layer during the cesium absorption–desorption cycles: (i) the higher 
hydrophilicity of the polymer upon ionization, and (ii) the polymer relaxation that results from 
ionization and ion exchange processes. 60–62  Figure 2.4 indicates that the additional absorption of 
water has both an instantaneous and a gradual component. The instantaneous component is likely 
the combined result of the instantaneous increase in hydrophilicity upon polymer ionization and 
the corresponding polymer relaxation that occurs as a result of the cesium–hydrogen exchange 
process and the repulsive forces between ionized polymer chains. The gradual component of 
water absorption is evidenced by the fact that equilibrium is not instantaneous, and is likely the 
result of polymer relaxation which (including shrinkage) has been suggested to account for the 
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change in water permeability in thin-film composite membranes when feed water and/or 
operating conditions change. 60–62 
The measured mCs,areal was used to calculate the negative charge density of isolated active 
layers on an areal (NCDareal) and volumetric (NCDvol) basis according to 
NCDareal =
𝑚𝐶𝑠 𝑎𝑟𝑒𝑎𝑙
𝑀𝑊𝐶𝑠
               (2.3) 
and 
𝑁𝐶𝐷𝑣𝑜𝑙 = NCDareal
𝜌𝐴𝐿
𝑚𝐴𝐿,𝑎𝑟𝑒𝑎𝑙
 ,           (2.4) 
where mAL,areal is the areal mass of isolated active layer polymer in the AL+sensor sample, MWCs 
is the molecular weight of cesium (132.91 g/mole), and ρAL is the volumetric mass density of the 
active layer polymer which we assume to be 1.24 g/cm3.40  For the experiment of Figure 2.4, 
mCs,areal and mAL,areal were measured as 738±10 ng/cm
2 and 12,874±332 ng/cm2, respectively, and 
were used in Equations 2.3 and 2.4 to calculate NCDareal = 33.4±0.5 sites/nm
2 and NCDvol = 
0.53±0.02 M.  We also measured the average negative charge density in 64 cm2 of non-isolated 
active layer (i.e., eight membrane coupons) using the ion probing+RBS method and obtained a 
value of 32.7±2.0 sites/nm2 which is only 2.1% different from the 33.4±0.5 sites/nm2 value 
measured via QCM analyses in the 1.54 cm2 AL+sensor sample of Figure 2.4.  The consistency 
between QCM and RBS results indicates that the QCM method accurately quantifies charge 
density in active layers, and that the dissolution of the polysulfone support with DMF does not 
affect charge density in the polyamide films. 
The areal and volumetric charge densities measured in this study were consistent with the 
ranges of 16-60 sites/nm2 and 0.24-0.64 M measured elsewhere by the ion probing+RBS23, 24 and 
uranyl cation binding33 methods in polyamide active layers of commercial reverse osmosis and 
nanofiltration membranes.  It is important to note that the QCM method shares with the ion 
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probing+RBS method the advantage of providing the mAL,areal value that is needed in Equation 
2.4 to characterize charge density as an intensive property (i.e., charge density per unit volume, 
NCDvol, and/or charge density per unit mass of active layer polymer, NCDareal / mAL,areal).  The 
characterization of charge density as an extensive property (i.e., charge density per unit area of 
membrane, NCDareal, which depends on active layer thickness) does not require of the mAL,areal 
mAL,areal for easy conversion of NCDareal to NCDvol using Equation 2.4.  
2.3.6 Repeatability of charge density measurements and resilience of AL+sensor samples 
We use the term “repeatability” to refer to measurements performed on the same 
AL+sensor sample under the same experimental conditions.  Figure 2.5 displays the repeatability 
of charge density measurements in the isolated active layer of a TFC membrane sample using the 
QCM method described above.  The tests were conducted over a four-month period with an 
AL+sensor sample that was repeatedly mounted in the microbalance, tested, dismounted from 
the microbalance, rinsed, dried, stored and reused again.  Cesium solutions had a pH in the range 
of 10.54-10.62.  The tests at days 1, 6, 25 and 131 correspond to tests 1, 2, 3 and 12, 
respectively, performed with the AL+sensor sample.  Tests 4-11 did not correspond to charge 
density measurements, and thus are not reported in this manuscript. The results indicate that the 
average charge density of the isolated active layer in the AL+sensor sample was 34.2±1.0 
sites/nm2 which means that the charge density measurements were repeatable within 3% over the 
four-month period of measurements.  The results therefore indicate that: (i) charge density 
measurements with the QCM method are highly repeatable; (ii) AL+sensor samples are resilient 
to deterioration due to handling, testing, cleaning, drying and storage; and (iii) AL+sensor 
samples can be used over long periods of time.  The possibility of sample re-use has not been 
reported for the other two methods available in the literature for measuring volume-averaged 
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charge density in active layers (i.e., ion probing+RBS23, 24 and uranyl cation binding33), and 
therefore sample re-usability and resilience represent an advantage of the QCM method. 
We estimated a conservative detection limit (DL) for charge density values obtained from 
the cesium absorption-desorption cycles described in Section 2.3.5. We followed standard 
guidelines57 for the determination of analytical detection limits and obtained a detection limit of 
2.2 sites/nm2 (49.4 ng/cm2), which is consistent with the repeatability of 1 site/nm2 found above 
for charge density measurements performed using the same AL+sensor sample.  
2.3.7 Effect of ionic strength on charge density measurements 
We verified that the mass increase detected by the QCM was due to Cs+ neutralizing 
negative sites and not due to ion pairs partitioning into the active layer.58, 59  The tests consisted 
of measuring charge density at pH ≈10.5 in the isolated active layer of an AL+sensor sample 
using the procedures described above, but using cesium solutions with ionic strengths in the 1-3 
mM range (i.e., a 300% difference between the lowest and highest ionic strength).  If ion 
partitioning accounted for a significant fraction of the mass change detected in the active layer 
by the QCM, then changing the ionic strength of the ion probe solution should produce a 
significant change in the mass change detected by the QCM.  We adjusted the ionic strength of 
the CsOH solutions by varying the concentration of background cesium chloride (CsCl) in the   
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Figure 2.5.  Repeatability of the negative charge density measured by QCM analyses at pH 
= 10.54-10.62 in an isolated active layer of the TFC ESPA3 membrane. All tests were 
performed with the same AL+sensor sample. The mass of the isolated active layer was 
13,211±319 ng/cm2. 
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range of 0-2 mM.  Since increasing the pH of the cesium solutions to pH≈10.5 required a final 
CsOH concentration of ≈1mM, the background CsCl concentrations tested of 0, 0.5, 1.0 and 2.0 
mM corresponded to ionic strengths of approximately 1.0, 1.5, 2.0 and 3.0 mM, respectively.  As 
described extensively in the literature [19,66], the partitioning of solutes is proportional to their 
concentration in solution. As a result, if solute partitioning accounted for a significant fraction of 
the mass change in the active layer detected by the QCM, then changing the cesium (salt) 
concentration in the ion probe solution would produce a significant variation in the mass change 
detected by the QCM. The results, presented in Figure 2.6, indicate that the range of ionic 
strength conditions tested had no significant effect on the measured negative charge density.  The 
relative difference between the charge densities measured at the maximum (3 mM) and 
minimum (1 mM) ionic strengths was only 3.8% which is comparable to the repeatability (3%) 
obtained in Section 2.3.6 for the negative charge density in the same AL+sensor sample at an 
ionic strength of 1 mM.  Given that a 300% difference in ionic strength in the ion probe solution 
resulted in less than 4% variability in the QCM response, we concluded that the measured 
masses absorbed and released by the AL+sensor samples were due to Cs+ attachment and 
detachment from negative sites in the isolated active layer, and not to partitioning of ion pairs 
(e.g., CsOH, CsCl).   
2.3.8 Reproducibility of AL+sensor sample preparation and analysis 
Figure 2.7 shows the areal and volumetric negative charge density measured for three 
different AL+sensor samples of the TFC ESPA3 membrane.  The three samples were prepared 
using membrane coupons from within a relatively small (20x20 cm2) region of the flat sheet 
ESPA3 membrane.  The pH of CsOH solutions was in the range of 10.54-10.60, and no 
background CsCl was used.  The results indicate that there was a variability of 2.0%, 3.9% and 
2.3% in the mass of active layer isolated, areal negative charge density and volumetric negative 
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charge density, respectively.  The 3.9% variability of the areal negative charge density among 
the three samples tested was similar to the 3% variability obtained above for repetitive 
measurements of charge density in a single AL+sensor sample under the same experimental 
conditions.  The results therefore demonstrate that the procedures described in this study for 
active layer isolation and quantification of charge density in active layers are highly 
reproducible. 
2.3.9 Comparison between the ionization behaviors of TFC and TFN active layers 
Figure 2.8 presents measurements of negative charge density as a function of pH for (a) 
the TFC ESPA3 membrane and (b) a TFN membrane.  The active layer of the TFN membrane 
consisted of LTA zeolite nanoparticles embedded in a fully-aromatic polyamide matrix at a 
concentration of 0.76%w/w, which is above the zeolite contents that have been documented15, 18, 
60 to result in water flux enhancement.  
 The mass of active layer isolated on each of the two TFC AL+sensor samples tested was 
≈35% higher than the corresponding mass on the TFN AL+sensor sample.  As a result, the 
charge densities are presented in molar units in order to facilitate the comparison of TFC and 
TFN results.  Figure 2.8 shows that the QCM method was able to detect the changes in negative 
charge density that occurred as a function of pH in both the TFC and TFN samples.  The 
negative charge density of the active layer of the TFC membrane was also measured at three 
different pH values using the silver probing+RBS method to confirm the validity of the QCM 
results. The total analysis area for QCM data points was 3.01 cm2 (two AL+sensor samples), and 
the corresponding area for RBS data points was 24 cm2 (three membrane coupons) except for the   
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Figure 2.6.  Effect of ionic strength on the negative charge density measured by QCM 
analyses at pH = 10.48-10.54 in an isolated active layer of the TFC ESPA3 membrane.  In 
all cases, the pH was adjusted using CsOH.  The background CsCl concentrations of the 
solutions with ionic strengths of 1, 1.5, 2.0 and 3.0 mM were 0, 0.5, 1.0 and 2.0 mM, 
respectively.  The mass of the isolated active layer was 13,211±319 ng/cm2. 
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Figure 2.7.  Variability in the negative charge density measured by QCM analyses at pH = 
10.54-10.60 among three different isolated active layers of the TFC ESPA3 membrane.  In 
all cases, the pH was adjusted using CsOH, no background CsCl was used, and the results 
correspond to the first test performed after active layer isolation.  The masses of isolated active 
layer in AL+sensor samples 1, 2 and 3 were 13,211±319 ng/cm2, 12,874±332 ng/cm2 and 
13,528±221 ng/cm2, respectively. 
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data at pH = 10.5 for which the total analysis area was 64 cm2 (eight membrane coupons).  The 
results presented in Figure 2.8a show that QCM and RBS results were in agreement, and 
therefore that the QCM method can be used to study the ionization behavior of the active layers 
of TFC and TFN membranes.  The results also demonstrate one advantage of the re-usability of 
AL+sensor samples: one single AL+sensor sample can be used to study the ionization behavior 
of the active layer as a function of pH.   
We modeled the ionization behavior of the TFC and TFN active layers assuming acid base 
equilibrium between the ionizable sites in the active layers and the ion-probe solutions as given 
by23, 24  
𝑁𝐶𝐷 =  𝑁𝐶𝐷𝑇 ∑ (𝑤𝑖
10−𝑝𝐾𝑎,𝑖
10−𝑝𝐻 + 10−𝑝𝐾𝑎,𝑖
)𝑛𝑖=1         (2.5)   
where NCD is the negative charge density at any given pH, NCDT is the negative charge density 
at full ionization, and wi is the fraction of ionizable sites having pKa = pKa,i where ∑ 𝑤𝑖 = 1
𝑛
𝑖=1 .  
The fitting results in Figure 2.8 indicate that not one but two pKa values were required to 
describe the ionization behavior of each the TFC and TFN active layers.  Fitted values for the 
TFC membrane were NCDT = 0.54±0.03 M, pKa,1 = 5.74±1.06, pKa,2 = 8.26±0.27 and w1 = 
0.31±0.14.  Corresponding values for the TFN membrane were NCDT = 0.49±0.01 M, pKa,1 = 
5.34±0.06, pKa,2 = 8.97±0.04 and w1 = 0.33±0.01.   While we could not find studies reporting 
measurements of charge density in active layers of TFN membranes, the bimodal pKa 
distribution that we obtained for both the TFC and TFN membranes is consistent with previous 
studies23-25, 32, 33 in which the ionization behavior of the TFC active layers tested could not be 
described by unimodal pKa distributions.  Previous studies,
24 however, showed that samples of   
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Figure 2.8.  Negative charge density in isolated active layers as a function of pH. (a) 
Ionization behavior of the TFC ESPA3 active layer measured using the QCM and silver 
probing+RBS methods.  The masses of isolated active layer on the two AL+sensor samples 
tested were 13,211±319 and 13,528±221 ng/cm2; error bars for the QCM data points are <5% of 
the corresponding charge density.  Error bars for the RBS data points correspond to variability 
among three samples for tests at pH = 6.19 and 8.45, and among eight samples for tests at pH = 
10.50. (b) Ionization behavior of a TFN active layer measured using the QCM method for which 
data points correspond to tests with an AL+sensor sample with a mass of isolated active layer of 
9,839±220 ng/cm2. 
  
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
2 4 6 8 10 12 14
N
e
g
a
ti
v
e
 c
h
a
rg
e
 d
e
n
s
it
y
 (
M
)
QCM data
RBS data
Ionization
simulation
NCDT = 0.55 M
p
K
a
,2
=
 8
.5
3
; 
 w
1
=
 0
.3
1
p
K
a
,2
=
 8
.5
3
TFC
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
2 4 6 8 10 12 14
N
e
g
a
ti
v
e
 c
h
a
rg
e
 d
e
n
s
it
y
 (
M
)
pH
NCDT = 0.49 M
p
K
a
,1
=
 5
.3
4
; 
 w
1
=
 0
.3
3
p
K
a
,2
=
 8
.9
7
TFN
57 
the ESPA3 membrane had a pKa distribution in which the majority (92±7%) of ionizable sites 
had a pKa value of 5.86; this pKa value fell between the pKa,1 = 5.23-5.72 and pKa,2 = 8.46-9.87 
values of the other five polyamide TFC membranes studied.  Even though our results for the 
TFC ESPA3 membrane were not dominated by one pKa value, the fitted pKa values also fell 
between the pKa,1 and pKa,2 values mentioned above. 
It has been hypothesized that one reason for the reported higher water flux of TFN 
membranes compared to their TFC counterparts may be a lower degree of polymerization and 
crosslinking of the polyamide matrix in the TFN membrane as a result of the presence of the 
nanoparticles.18  In contrast, the larger NCDT that we obtained for the TFC active layer compared 
to that for the TFN active layer indicates that in a molar basis (or number of ionizable sites per 
mass of active layer basis), the polyamide matrix of the TFN membrane had a lower density of 
ionizable functional groups, and therefore a higher degree of polymerization and crosslinking,1 
than the active layer of the TFC membrane.  Furthermore, the pKa,1 and pKa,2 values fitted for the 
TFN data were consistent with the reported24 ranges for pKa,1 and pKa,2 values mentioned above 
for TFC active layers.  Accordingly, our results indicate that the charge density, ionization 
behavior of carboxylic groups and degree of crosslinking of the polyamide matrix in the TFN 
active layer tested is not significantly different from that of TFC active layers.  Further studies, 
however, are required to evaluate specific differences between polyamide matrices in TFC and 
TFN membranes prepared in the same manner except for the inclusion of nanoparticles in the 
TFN membrane. 
2.4 Conclusions 
We demonstrated that the negative charge density in the active layers of thin-film 
composite (TFC) and thin-film nanocomposite (TFN) membranes can be accurately quantified as 
a function of pH by measuring, with a quartz crystal microbalance (QCM), the mass of cesium 
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ion that associates with charged sites in an active layer isolated on a QCM sensor.  Our results 
indicate that charge density measurements with the QCM method are repeatable, reproducible, 
and accurate, and that active layers isolated on QCM sensors are resilient to deterioration due to 
handling, QCM testing, cleaning, drying and storage, and can be used for extended periods of 
time.  We used the QCM method to characterize a zeolite TFN membrane having an active layer 
with an aromatic polyamide matrix and found that the ionization behavior of the active layer was 
similar to that of polyamide active layers of TFC membranes tested in this study and in the 
literature.  
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CHAPTER 3 - RELATIONSHIP BETWEEN THE PERFORMANCE OF ZEOLITE 
THIN-FILM NANOCOMPOSITE MEMBRANES AND THE EFFECTS OF ZEOLITE 
INCORPORATION ON THEIR ACTIVE LAYERS  
3.1 Introduction 
Reverse osmosis (RO) and nanofiltration (NF) membranes are one of the most promising 
technologies towards addressing global fresh water scarcity issues1 as they can produce potable 
water from sea, brackish and municipal waste waters.1-3   And despite the relatively high energy 
consumption and operational costs of RO/NF treatment facilities, RO/NF-based systems remain 
an attractive technology.2, 3,5,6   
Most membranes used in RO/NF treatment facilities are composed of three chemically-
distinct polymeric materials arranged in a thin-film composite membrane (TFC) structure: an 
ultra-thin fully aromatic polyamide-based active layer (~50-200 nm), adhered to a porous 
polysulfone (~ 50 µm) layer, supported by a nonwoven polyester fabric (~300-500 µm) 
layer.2,3,5,6  For decades, researchers have steadily improved membrane performance through the 
modification of the physico-chemical properties of the membrane materials, particularly of the 
membrane active layer.2, 5, 6   The ideal membrane would be cost effective and possess enhanced 
physico-chemical properties like robust biological resistivity and mechanical durability, but 
above all it would exhibit enhanced water permeation and contaminant rejection performance 
above existing materials.3 
During the latter part of the 1980’s, polymer membranes were modified with inorganic 
nanomaterials as a means to enhance membrane permeability and or selectivity for gaseous 
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separations.7,8  Nearly two decades later, scientists in the field of water remediation and 
desalination began adopting similar strategies.5,7,8 
The first study of these membranes, referred to as thin-film nanocomposite membranes 
(TFNs), was that by Jeong et. al.13 who reported using nanometer-sized Linde Type A (LTA) 
zeolites as an active layer filler material.   In their work, water permeation doubled without 
negatively impacting the salt rejection performance.  Since Jeong et. al. reported on the use of 
zeolites as an active layer filler material, additional studies have reported on the effect of mobile 
cations (sodium Na+ and silver, Ag+),14 zeolite crystal size,15 and post-treatment regimes on 
membrane water permeability and/or contaminant rejection,16  including comparisons between 
the performance of commercially available TFNs (believed to contain zeolites) and that of 
existing commercially available RO products18,19  
Zeolites are attractive materials for researchers as nano-fillers in the active layer because 
they have relatively high pore volumes, caged-like frameworks, narrow-size pore distributions, 
and hydrophilic surfaces.13-19    The high porosity and narrow-size pore diameters of zeolites are 
thought to offer preferential permeation pathways for water over larger-sized solutes.13  The 
increased hydrophilicity of membrane surfaces effected by the addition of zeolites in their active 
layers is believed to enhance water flux while maintaining relatively high contaminant 
rejection.13-19  
Despite the recent interest in TFNs,  a recent (2015) review10 detailing the advances in 
TFNs for water treatment concluded that none of the studies they evaluated systematically 
showed the effect nanomaterials exhibit on membrane structure or how those effects correlate to 
changes in membrane performance.7    Accordingly, the objectives of this study were to (i) 
investigate the effect that nano-zeolite loading exhibits on the physico-chemical properties of the 
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active layers of TFNs containing LTA nanozeolites as active fillers, and (ii) evaluate whether the 
observed effects on physico-chemical properties correlate with observed changes in membrane 
performance.  The active layer physico-chemical properties characterized consisted of properties 
known to impact membrane performance and included thickness, concentration of charged sites, 
degree of polymer crosslinking, water absorption, presence of voids, and surface roughness.  As 
researchers continue to explore the use nanomaterials like zeolites as a means to enhance the 
water permeability and salt rejection of RO/NF membranes, the knowledge gained from the work 
here presented will contribute to advance the fundamental understanding of the mechanisms by 
which nanoparticle fillers affect membrane performance. 
3.2. Materials and Methods 
3.2.1 Chemicals and solvents  
A.C.S. certified cesium chloride (CsCl, 99.999%), cesium hydroxide (CsOH, 99.95%), 
silver nitrate (AgNO3, 99%), and m-phenylenediamine (MPD) ( 99%) were obtained from 
Sigma Aldrich (Saint Louis, MO).  HPLC grade dimethylformamide (DMF), and A.C.S. certified 
nitric acid (HNO3, 70%), hydrochloric acid (HCl, 37%), ethanol (95%), hydrogen peroxide 
(30%), and ammonium hydroxide (25%) were acquired from Fisher Scientific (Pittsburgh, PA).  
Trimesoyl chloride (TMC) was purchased from Spectrum Chemicals (New Brunswick, NJ), and 
ISOPAR GTM was obtained from Univar (Raleigh, NC).  All chemicals and solvents were used as 
received from the manufacturer without further purification 
3.2.2 Nanozeolites  
Linde type A nanozeolites (4A, Na+) were used as nanoparticle fillers in fabricated 
TFNs. The LTA nanozeolites were obtained from NanoScape AG (Planegg, Germany).  The 
zeolite nanoparticles had sizes ~100 nm in diameters according to manufacturer specifications.   
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3.2.3 Membranes supports  
Pre-cast PS20 polysulfone membrane supports were provided by Nanostone Water (Eden 
Prairie, MN).  Prior to use, all PS20 support sheets (18 x 18 cm2) were sprayed with ethanol, 
thoroughly rinsed with lab grade water from a Dracor (Durham, NC) ultrapure water system, and 
stored for 2 days at room temperature in a plastic 1 L amber bottle filled with fresh lab grade 
water.   
3.2.4 TFC and TFN membranes  
Membranes samples were prepared as described below either at UNC for testing 
membrane performance, or at Arizona State University (ASU) for characterizing the physico-
chemical properties of the active layer.  Membranes prepared at ASU were shipped overnight to 
UNC, rinsed with lab grade water (≥17.8 MΩ∙cm) upon receipt and stored at 4.4±0.5°C until use. 
Preparation of casting solutions was initiated by dissolving trimesoyl chloride (TMC) in 
ISOPAR GTM at a concentration of 0.15 wt% and m-phenylenediamine (MPD) in lab grade water 
at a concentration of 3.5 wt%.  The MPD solution was stirred at 700 rpm for ~ 3 hours in a 
sealed plastic 1 L amber bottle, then poured under low light exposure into a large glass dish, 
covered with aluminum foil, and stored for later use.  The TMC solution was placed in a 
sonicator bath for 60 minutes at 23° C, and then stirred at 700 rpm for an additional 2 hours.  
When TFNs (instead of TFCs) were prepared, LTA nano-zeolites were added to the TMC 
solution and the mixture was placed back in the sonicator bath for 1 hour at 23° C.  TFNs with 
LTA nanozeolite loadings of 0.0, 0.015, 0.15, 0.30, 0.75 wt% in the TMC solutions were 
prepared.  
Polyamide active layers were casted on PS20 polysulfone supports.  For casting, a PS20 
support sheet was rinsed with lab grade water, adhered to a glass plate with the PS20 support 
surface facing away from the glass plate, and placed in the MPD solution for 2 minutes with the 
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PS20 support surface facing down.  Next, the support still adhered to the glass plate was 
removed from the MPD solution and the excess MPD was removed from the surface of the 
support using a squeegee.  The MPD-soaked support was then placed in TMC solution (lacking 
or containing nanozeolites) for 1 minute.  Exposing the MPD soaked support to TMC formed the 
polyamide active layer atop of the polysulfone support material.  The resulting TFC (lacking 
nanozeolites) or TFN (containing nanozeolites) membrane was rinsed with n-hexane (~100 mL) 
and let to air dry for 1 minute.  Finally, the membrane was thoroughly rinsed with lab grade 
water, stored in a 1 L amber bottle filled with fresh laboratory grade water, and refrigerated for 
two days prior to use.   
3.2.5 Membrane performance evaluation  
For evaluation of membrane performance in terms of water permeability and contaminant 
rejection, 8.5 x 11.5 cm2 membrane coupons were cut from the original 18.0 x 18.0 cm2 
membrane sheets.  Duplicate coupons were tested for each membrane.  The coupons were rinsed 
with lab grade water, and loaded onto a custom-made cross-flow, flat-sheet filtration system 
(Figure 3.1).  The filtration system had the capability of testing four membrane coupons 
simultaneously, where the active membrane area of each coupon tested was 35.5 cm2.  All wet 
surfaces of the filtration system were made of stainless steel 316.  The temperature (22±0.2 oC) 
and feed water pH 6.5 0.3 during the filtration tests were controlled using a cooling coil and an 
automatic pH controller delivering concentrated NaOH/HCl solutions, respectively.  The cross-
flow velocity in the membrane cells was 16 cm/s. 
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Figure 3.1.  A custom-built laboratory-scale cross-flow system, equipped with four flat-sheet 
membrane cells (7.65 cm x 4.65 cm effective membrane area each) in series, electronic pressure 
transducers, a flow indicator, sampling ports, a recirculating chiller for temperature control, pH 
electrode and meter, and metering valves to control flow and pressure. The membrane cells are 
numbered 1 through 4. PD = pulsation dampener, PT = pressure transducer, FI = flow indicator, 
S = sampling port. (Taken from ref. 58) 
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 Before testing membrane performance, the membrane coupons were compacted using 
laboratory grade water under an applied pressure of 225 psi for 24 hours.  After membrane 
compaction, the feed water was replaced with a 0.5 g/L solution of sodium chloride (NaCl) in 
laboratory grade water at pH = 6.5 0.3, and the applied pressure was adjusted to 200 psi.  After 
additional 12 hours of filtration time, feed and permeate samples were collected for analysis of 
NaCl concentration in solution, and calculation of permeate water flux.  Upon completion of 
sample collection, the system was rinsed with laboratory grade water until conductivity 
measurements showed <0.010 μS.   
Water flux (Jw, m
3/m2/s) was calculated as the ratio between water permeate flow rate 
(Qp, m
3/s) and the effective membrane area during filtration (am, m
2) as given by 
 𝐽𝑊 =
𝑄𝑝
𝑎𝑚
 .          (3.1) 
Percent salt rejection (%R) was determined from the measured conductivities of feed (Cf, S) 
and permeate (Cp, S) samples as given by 
%𝑅 = 100%(1 −
𝐶𝑝
𝐶𝑓
)    .        (3.2) 
3.2.6 Preparation of membrane samples for physico-chemical characterization 
For physico-chemical characterization, membrane samples were cut into 2.5 x 5.0 cm2 
sized coupons.  For Rutherford backscattering spectrometry (RBS) and X-ray photoelectron 
spectroscopy (XPS), membrane coupons were dried by placing them between two pieces of filter 
paper and applying fingertip pressure, and air dried for at least 24 hours.  Negatively charged 
sites in membrane coupons were then probed with silver ion (Ag+) at pH=10.5, as detailed 
elsewhere20 and described in Section 2.1.7.  In brief, negatively charged sites in the active layers 
of membrane coupons were saturated with Ag+ by immersing the membrane coupon in 
concentrated (2x10-6–10-5 M) AgNO3 aqueous solutions to saturate negatively charged sites with 
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Ag+.  Then, the coupons were rinsed with dilute (10-6 M) AgNO3 aqueous solution at pH=10.5 to 
bring the concentration of Ag+ in the active layer not ionically associated with the negative sites 
below the detection limit (~0.001M for silver) of RBS and XPS.  A pH of 10.5 was chosen for 
the probing solution because it has been demonstrated that more than 95% of negatively 
ionizable sites in polyamide active layers are dissociated at this pH (or above). 
For quartz crystal microbalance (QCM) analyses, the active layers were isolated onto 
gold-coated 5 MHz QCM sensors having an area of 1.54 cm2 using the active layer isolation 
procedure described in detail in Section 2.1.4.  The active layer isolation procedure is based on a 
protocol proposed by Freger,21 and has been successfully applied in different studies.25-29  In 
brief, to isolate the active layer, the polyester backing layer was peeled off manually, and the 
polysulfone support layer was dissolved using DMF while the membrane was held against the 
QCM sensor with the polyamide side facing the sensor.  The QCM sensor coated with the 
polyamide active layer was then air dried, rinsed with ultrapure water, dried with ultrapure 
nitrogen gas, and stored in a sealed plastic box until use.  Results in the peer-reviewed literature 
show that characterization results obtained with active layers isolated with this procedure are 
equivalent to corresponding results for active layers in intact membranes.25-29 
For atomic force microscopy (AFM) analyses, membrane coupons were dried with filter 
paper and attached to a glass slide, with the polyester support facing the glass slide.   For 
transmission electron microscopy (TEM) analyses, membrane coupons were prepared as 
described elsewhere.27 In brief, coupons were dried with filter paper, dehydrated with 100% 
ethanol, infiltrated and embedded with LR White resin (London Resin Co, Reading, UK) diluted 
in ethanol, and cured at 48o C for 3 days.  Samples were then cut into ultra-thin (~90-100 nm) 
slices using a Sorvall MT 6000 Ultramicrotome (RMC Co., Tucson, AR).  In a previous 
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study,27it was demonstrated that the air/ethanol drying process did not affect the active layer 
structure. 
3.2.7 Rutherford backscattering spectrometry analyses  
RBS was used to determine the volume-averaged elemental composition of membrane 
active layers, and the corresponding concentration of silver ion probe in probed membrane 
samples. RBS analyses were performed at room temperature with a 2-MeV He2+ beam generated 
with a tandem Van de Graaff accelerator (High Voltage Engineering Corporation, Burlington, 
MA) and a dedicated target system developed to facilitate the analyses of polymeric membrane 
samples.30  The incident, exit, and scattering angles of the He2+ beam were 22.5o, 42.5o, and 
160o, respectively, and the average beam current irradiating the samples was always in the 50-75 
nA range.  To avoid membrane damage caused by beam irradiation, the He fluence over any spot 
of the membrane sample was kept below the membrane damage threshold of 11014 He/cm2 9,30-
32  The total area scanned for any given sample was 2400 mm2,9,30-32  Triplicate samples were 
analyzed for each membrane type. 
3.2.8 X-Ray photoelectron spectroscopy analyses 
XPS was used to determine the near surface (~top 7 nm) elemental composition of 
membrane active layers, and the corresponding concentration of silver ion probe in probed 
membrane samples.  XPS analyses were performed with a Kratos Axis Ultra DLD system using 
a monochromatic Al Kα x-ray source (1,486.6 KeV) operated at 150 W, and a 90o take-off 
angle.  A beam analysis area of 0.21 mm2 (300x700 m2), a charge neutralizer, and a base 
pressure in the system of ~6.67x10-7 pa were used.  All spectra were corrected to the C 1s peak at 
284.6 eV, consistent with adsorption of adventitious carbon in the form of graphite or CH2-like 
carbon.  High resolution (0.1 eV) scans were performed for carbon (C 1s), oxygen (O 1s), 
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nitrogen (N 1s), chlorine (Cl 2p), and silver (Ag 3d).  Triplicate samples were analyzed for each 
membrane type. 
3.2.9 Quartz crystal microbalance analyses 
QCM analyses were used to determine active layer thickness (Section 3.2.10), 
concentration of charged sites as a function of pH (Section 3.2.11), and water absorption 
(Section 3.2.12).  In all QCM tests, a Q-Sense E4 quartz crystal microbalance (Biolin Scientific, 
Lithicum Heights, MD) was used.  The E4 microbalance allows for the simultaneous testing of 
up to four sensors, each of which is loaded into one of four ‘modules’ connected in parallel to the 
QCM electronics.  For measurements of active layer thickness and concentration of charged 
sites, sensors were loaded into Q-Sense ‘flow modules’ (Figure 2a).  For measurement of water 
absorption by the active layer polymer, sensors were loaded into Q-Sense ‘humidity modules’ 
(Figure 2b).  For all experimental conditions tested, an uncoated control sensor was loaded into 
one of the four modules to use it as a blank.  The control sensor was exposed to the same fluids 
(i.e., aqueous solution or nitrogen gas, depending on test performed) as the coated sensors to 
detect potential changes in the baseline readings of the QCM that could result changes in the 
density and viscosity of the fluid to which the sensor was exposed.  All QCM tests were 
performed at 22±0.02 oC using the temperature control feature of the QCM modules.  
The principles of microbalance technology are described in detail elsewhere.29,35-37  
Briefly, under an applied oscillating electric field, a change in mass (m, ng/cm2) in the QCM 
sensor (i.e., the absorption or desorption of an ion probe or water) is quantified as a proportional 
change in its resonant frequency (Δf, Hz) of vibration.  The linear relationship between m and 
Δf is expressed by the Sauerbrey equation as 
∆𝑚 =  −𝐶 (
∆𝑓
𝑛
),         (3.3)  
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where C is the mass sensitivity constant of the microbalance (C=17.7 ng/cm2/Hz for the 5 MHz 
sensors used in this study), and n is the overtone number at which the data is collected (n=3 in 
this study).  For Equation 3.1 to be valid, Δf/n should be independent of n, this is the case for 
tests with coated sensors as demonstrated in Section 2.2.2. and elsewhere.27,33   
3.2.10 Measurement of active layer thickness  
Active layer thickness was obtained based on QCM measurements of the areal mass of 
active layers isolated on QCM sensors (mAL, ng.cm
-2), as described elsewhere.25  In brief, for 
each isolated active layer, mAL was obtained by subtracting the QCM mass measurement for the 
sensor exposed to air before active layer isolation from the corresponding measurement after 
active layer isolation. Active layer thickness (, nm) was then calculated as 
AL
ALm

  ,                                                                                                          (3.1)       
where AL=1.24 g.cm-3 is the approximate mass density of the active layer.25  Active layer values 
reported in this study correspond to the average of values obtained for duplicate sensors.25   
3.2.11 Measurement of concentration of charged sites in active layer as a function of pH 
The concentration of charged sites in active layers as a function of pH was measured 
using the QCM-based procedure described in detail in Section 2.2.9.  In brief, at any given pH of 
interest, the concentration of charged sites in an active layer was obtained based on the mass 
(mCs,areal, ng/cm
2) of cesium ion (Cs+) that saturated the negative sites in the active layers isolated 
on a QCM sensor.  Saturation of negative sites by Cs+ was achieved by exposing the coated 
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Figure 3.2.  Schematic of a cross section of the quartz crystal microbalance (QCM) modules 
used in this study.  (a) Flow module for measurement of active layer thickness and 
concentration of charged sites as a function of pH.  (b) Humidity module for measurement of 
water uptake by active layers when exposed to humidified nitrogen gas.  The schematics are not 
to scale.  In the schematics, the positioning of the inlet and outlet channels of the modules have 
been slightly modified for clarity; in reality they are located on the same xy plane. (Taken from 
ref. 27) 
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sensor to a solution of CsOH at the pH of interest, and the corresponding mCs,areal was obtained as 
the difference between the QCM readings for the coated sensor when exposed to ultrapure water 
and to the CsOH solution.  To ensure maximum hydration of the active layer, the sensor was first 
exposed to ultrapure water, and then to five cycles of aqueous CsOH solution at pH=11.0 (i.e., 
the highest pH of interest) and ultrapure water.  The CsOH solution at pH=11.0 contained a Cs+ 
concentration of 1mM so that the free Cs+ that partitioned into the active layer (i.e., that not 
ionically associated to negative sites) was below the QCM detection limit.   Next, the following 
sequence of steps were followed: (1) depression of the pH of the CsOH solution to the next pH 
of interest (pH=10.0 using HCl; (2) one cycle of exposure to the CsOH solution at the newly 
adjusted pH followed by exposure to ultrapure water; and (3) iteration of steps 1 and 2 at the 
remaining pH conditions of interest (pH=9.0, 8.0, 7.0, 6.0 and 5.5).  Note that only one CsOH 
solution fed the QCM system throughout the entire test, using an initial pH=11.0 and lowering it 
by addition of HCl.  The fact that each negatively charged site in the active layer (i.e., 
carboxylate groups, R-COO-) associates with only one cesium ion, and the concentration of free 
Cs+ in the active layer was kept below detection limit, ensured that the measured mCs,areal 
corresponded to the mass of ion probe neutralizing the charged sites.  Accordingly, the 
concentration of charged sites in the active layer was calculated as 
𝑁𝐶𝐷 =
𝑚𝐶𝑠,𝑎𝑟𝑒𝑎𝑙
𝑀𝑊𝐶𝑠
,          (3.2) 
where MW=132.91 g/mol corresponds to the molecular weight of cesium, and  corresponds to 
the active layer thickness calculated with Equation 3.1.  NCD values reported in this study 
correspond to the average of values obtained for duplicate sensors.  In all tests, the flow rate of 
ultrapure water and CsOH solutions was 0.125 mL/min, and exposure to any given test solution 
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was terminated when equilibrium between the solution and the active layer was achieved, as 
indicated by a rate of change in the sensor areal mass 0.3 ng/cm2/min.   
3.2.12 Measurement of water absorption by active layer polymer 
The absorption of water by the active layer polymer was measured using coated sensors, 
as described in detail elsewhere.27  In brief, the water absorbed by the active layer polymer (𝑚𝑣, 
ng/cm2) was obtained as the difference between QCM readings when the sensor was exposed to 
dry nitrogen gas (0.006% relative humidity-RH) and humidified nitrogen gas (98% RH) (dew 
point is 21oC at 98% RH).  The latter was produced by flowing dry nitrogen through three 
impingers in series filled with water and verifying the relative humidity of the exit stream with a 
humidity meter.  The tests were performed with the coated sensors placed in Q-Sense humidity 
modules (Biolin Scientific, Lithicum Heights, MD) (Figure 3.2).  The modules consisted of two 
chambers separated by a GORETM membrane (W. L. Gore & Associates, Newark, DE), where 
the outer chamber contained the flowing gas of interest (i.e., dry or 98% RH nitrogen) and the 
inner chamber contained the sensor.  The gas in the outer chamber was allowed to flow (<0.2 
psi) until it reached equilibrium with the inner chamber and sensor, as indicated by a rate of 
change in sensor areal mass readings lower than 3.6 ng/cm2/min.  Water absorption reported in 
this study was normalized by active layer mass (𝑚𝑣/𝑚𝐴𝐿).  Water absorption values reported in 
this study correspond to the average of values obtained for duplicate sensors. 
3.2.13 Atomic force microscopy analyses   
AFM analyses were performed in tapping mode using an Asylum Research MFP 3D 
system with silicon AFM tips coated with a reflective aluminum layer and a nominal spring 
constant of 40 N/m (AFM probe Model:Tap300 Al-G, Budget Sensors).  For each membrane 
type, AFM analyses were performed in triplicate, with each replicate consisting of an area 
totaling 100 μm2.  
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3.2.14 Electron microscopy analyses 
Dark-field TEM images of membrane cross sections were obtained using a JEOL 100CX 
II TEM (JEOL USA, Peabody, MA) at an acceleration voltage of 80 kV.  Ten images were taken 
for each membrane at a magnification of 72,000×.  Generally, the images obtained and observed 
had an active layer length ranging between 1.5-4 m. 
3.3 Results and Discussion 
3.3.1 Membrane performance 
Table 3.1 and Figure 3.3 summarize the effect that zeolite loading had on membrane 
performance in terms of water permeability and NaCl rejection.  Water permeability was 
quantified via the water permeability coefficient (A, L/m2.h.bar) which was calculated as the 
ratio between water flux (JW) and net transmembrane pressure (p = 13.79 bar or 200 psi).  In 
general, the results show that the incorporation of zeolite nanoparticles into the membrane active 
layers moderately increased water permeability without substantially affecting salt rejection up 
to intermediate nanoparticle loadings (0.15-0.30 wt%).  However, while further increasing 
nanoparticle loading (0.30-0.75 wt%) continued to increase water permeability, it also resulted in 
a substantial decrease in salt rejection.  Specifically, nanoparticle incorporation at 0.15 wt% 
increased water flux by 18% and did not substantially decrease NaCl rejection, and nanoparticle 
incorporation at 0.30 wt% increased water flux by 39% and decreased NaCl rejection by 0.9 
percentage points.  This level of change in salt rejection is substantial in full-scale seawater and 
brackish water desalination applications, but may fall within the uncertainty of membrane 
casting and testing in bench-scale laboratory settings which is our experience is of 1 percentage 
point or less.  While further increasing nanoparticle loading to 0.75 wt% increased water flux by 
211%, it also dramatically decreased NaCl rejection to 72.75% (i.e., more than 25 percentage 
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points) rendering the membranes useless for seawater desalination and even for most brackish 
water desalination applications.   
The results in Table 3.1 and Figure 3.3 displaying enhanced water permeability and 
comparable contaminant rejection by LTA-TFNs compared to corresponding control TFCs are 
consistent with results for zeolite TFNs reported by others.11-19  For example, a study of NaY 
zeolite TFNs for brackish water desalination showed that nanoparticle incorporation up to 0.15 
wt% increased water flux by 46% versus the control without substantial decrease in NaCl 
rejection (98.8%).19  Also, a study of the use of LTA-TFNs in forward osmosis showed enhanced 
water permeability of TFNs versus TFCs by up to 79%  but salt rejections decreased to 78%.17   
Further, in a pilot-scale study of commercially manufactured TFNs versus TFCs, the water 
permeability is nearly a factor of 2 higher (47% higher) for TFNs versus TFCs and generally 
comparable salt rejection.18       
3.3.2 Elemental composition of active layers 
Table 3.2 summarizes the elemental compositions of membrane active layers obtained by 
XPS and RBS.  Elemental content is reported in units of atomic percent (at%).  The RBS 
elemental compositions reported in Table 3.2 exclude hydrogen content to allow for easier 
comparison to XPS results; the corresponding compositions including hydrogen content can be 
found in Appendix B.1.    
 In general, the elemental compositions were similar to those previously reported for 
commercial RO/NF membranes with polyamide active layers.6,8,42   Elemental compositions were 
also generally consistent with the range of compositions characteristic of incompletely 
crosslinked aromatic polyamide, with carbon (C), oxygen (O) and nitrogen (N) contents within 
the ranges of fully crosslinked aromatic polyamide (C0.75O0.125N0.125 excluding hydrogen, or 
C0.50O0.083N0.083H0.333 including hydrogen) and linear aromatic polyamide (C0.714O0.190N0.095 
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excluding hydrogen, or C0.484O0.129N0.065H0.323 including hydrogen).  For example, C, O, and N 
contents obtained by XPS were in the 73.10-74.52 at%, 13.53-14.94 at%, and 11.49-12.42 at% 
which are consistent with the theoretical 71.4-75.0 at%, 12.5-19.0 at%, and 9.5-12.5 at% ranges, 
respectively.  Chlorine was found to be present in the active layers of all membranes tested at 
relatively low concentrations (<0.33 at%), consistent with results for commercial membranes in 
our previous studies.8  The source of chlorine atoms in the polyamide active layer is the acyl 
chloride moieties in the TMC monomers used during membrane fabrication.  No apparent trend 
in C, O, N, or Cl elemental content was observed as a function of zeolite loading. 
As observed in Table 3.2, aluminum (Al) and silicon (Si), which are the two signature elements 
of the zeolite nanoparticles, were not detected in the TFC samples by either XPS or RBS.  This is 
consistent with the absence of nanoparticles during the TFC casting process.  By contrast, while 
Al and/or Si were not detected in the TFNs by RBS, they were detected at small concentrations 
by XPS.  For zeolite loadings up to 0.30 wt%, only Al or Si were detected, and in some cases 
(0.015 wt% and 0.30 wt%) they were not detected in all locations analyzed over the membrane 
samples.  By contrast, for the highest zeolite loading (0.75 wt%), both Al and Si were detected 
and at least one of them was detected in each of the four locations analyzed over the membrane 
samples.  The detection of Al and/or Si in some locations but not in others may be attributed to 
the combination of relatively low content of zeolites in the active layers (<0.75 wt% in the TMC 
casting solution) and relatively small XPS analysis area (300x700 m2).    
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Table 3.1.  Water permeability coefficient (A) and percent sodium chloride rejection (%R) 
by TFC and TFN membranes.  TFC membranes correspond to membranes without zeolites 
incorporated.  TFN membranes contained LTA-zeolite nanoparticles in the active layers.  Percent 
weight (wt%) indicates the concentration of nanoparticles in the organic TMC solution during 
active layer casting.  Test conditions: 0.5 g/L NaCl, pH=6.20.3, 200 psi, 22±0.2 oC. 
 
Membrane 
 
A 
(L/m2.h.bar) 
 
 
Rejection  
(%) 
 
TFC-(0.0 wt% zeolite loading) 1.44 (0.25) 98.10 ( 0.13) 
LTA-TFN (0.015 wt%) 1.73(0.11) 98.80 (0.11) 
LTA-TFN (0.15 wt%) 1.70(0.42) 98.05( 0.91) 
LTA-TFN (0.30 wt%) 2.01(0.37) 97.20 (0.19) 
LTA-TFN (0.75 wt%) 4.49( 0.10) 72.75 (0.19) 
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Figure 3.3.  Percent sodium chloride rejection (%R) versus water permeability coefficient 
(A) for TFC and TFN membranes. TFC membranes correspond to membranes without zeolites 
incorporated.  TFN membranes contained LTA-zeolite nanoparticles in the active layers.  Percent 
weight (wt%) indicates the concentration of nanoparticles in the organic TMC solution during 
active layer casting.  Test conditions: 0.5 g/L NaCl, pH=6.2, 200 psi, 22±0.2 oC.  
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Nevertheless, the higher consistency of Al and Si detection in the 0.75 wt% TFN samples 
suggests that a higher zeolite concentration in the TMC casting solution leads to a higher level of 
zeolite incorporation into the membrane active layer. 
In comparing XPS to RBS results, it is important to keep in mind the following two 
factors: (1) XPS probes the top ~7 nm from the membrane sample surface, while RBS provides 
volume-average results for the entire thickness of the active layers (i.e., 50-200 nm, see Section 
3.3.10; and (2) the total analyses area of RBS was ~2,400 mm2, while that of XPS was <1 mm2.  
Therefore, RBS results provide a more accurate representation of the overall level of zeolite 
incorporation in the active layers.  Given that neither Al nor Si could be detected using RBS 
analysis, we conclude that these elements were present at a concentration below the RBS 
detection limit of ~0.1 at% for each Al and Si.  Figure 3.4 presents the cumulative RBS spectrum 
for the 0.75 wt% TFN samples probed with silver ion.  The figure indicates the location where 
the Al and Si peaks should have appeared if they were present above detection limit.  Overall, 
the elemental composition results indicate that zeolite content in the active layers is relatively 
small (<1 at%), and has no substantial effect on the overall elemental composition of the active 
layer.  This suggests that no major changes in chemical structure occurred that could play a role 
in the observed changes in membrane performance. For example, the elemental composition of 
the 0.75 wt% TFN (i.e., highest zeolite loading, and 3.12 times as much water permeability and 
25.6 percentage points less NaCl rejection than the control) was not substantially different from 
that of the control TFC, except for the combined presence of Al and Si below 0.23 at% at the 
near-surface region.   
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Table 3.2.  Summary of results from XPS and RBS analyses. Uncertainties represent standard 
deviation between samples tested.  For elemental composition results obtained using RBS, no 
standard deviations are presented because -for each type of membrane- the RBS spectra of the 
triplicate samples analyzed were added up and fitted as one single cumulative spectrum to 
improve accuracy of fitting.  The uncertainty of the RBS fitting is <5%.  
 
Membrane a 0.00 wt% 0.015 wt% 0.15 wt% 0.30 wt% 0.75 wt% 
C (at%)  XPS f 73.510.26 73.550.10 73.100.25 74.521.13 72.160.77 
 RBS g 75.28 76.57 74.70 74.76 74.79 
O (at%) XPS f 13.930.59 13.740.15 14.820.23 13.530.50 14.940.73 
 
RBS 
g 
12.23 11.56 12.62 12.51 12.52 
N (at%)  XPS f 12.260.37 12.350.21 11.490.04 11.610.72 12.420.90 
 
RBS 
g 
12.23 11.56 12.44 12.51 12.52 
Cl (at%)  XPS f 0.290.04 0.330.05 0.280.03 0.260.05 0.240.09 
 
RBS 
g 
0.25 0.32 0.24 0.23 0.18 
Al (at%)  XPS f 0.000.00 0.000.00 0.320.01 0.000.00 0.150.03 
 
RBS 
g 
BDL i BDL i BDL i BDL i BDL i 
Si (at%)  XPS f 0.000.00 0.030.06 0.000.00 0.080.15 0.080.10 
 
RBS 
g 
BDL i BDL i BDL i BDL i BDL i 
[RCOO] b 
XPS f 0.290.01 0.340.08 0.240.02 0.280.06 0.350.08 
RBS h 0.270.00 0.230.01 0.240.03 0.200.03 0.170.01 
%(
%𝑅−𝐶𝑂𝑂−
%𝑁
) c  
XPS f 2.580.14 3.000.76 2.310.18 2.620.42 3.031.08 
RBS h 2.370.0 2.080.13 2.080.27 1.730.24 1.480.04 
DPCpH=10.5
 d 
XPS f 97.490.13 97.090.72 97.740.17 97.450.40 97.061.02 
RBS h 97.680.0 97.960.12 97.960.26 98.300.24 98.550.04 
n e 
XPS f 0.9250.004 0.9130.022 0.9320.005 0.9230.012 0.9120.031 
RBS h 0.930.00 0.9390.004 0.9390.008 0.9490.007 0.9560.001 
x e 
XPS f 0.0750.004 0.0870.022 0.0680.005 0.0770.012 0.0880.031 
RBS h 0.0700.00 0.0610.004 0.0610.008 0.0510.007 0.0440.001 
 
a Indicates weight percent of LTA nanozeolite in the TMC solution used for active layer casting. 
b [RCOO] : approximated as the molar concentration of  silver in Ag+ probed samples at pH=10.5. 
c Average %(
%𝑅−𝐶𝑂𝑂−
%𝑁
) values were calculated as the average between the corresponding values for each replicate, 
not as the ratio between the average %R-COO- and the average %N. 
d DPC (degree of polymer crosslinking)  DPCpH=10.5 was calculated from Equation 3.6 using the %RCOO/%N 
values at pH10.5 shown in the previous row of this table. 
e n and x represent the fraction of fully-aromatic polyamide repeating units that are fully crosslinked (C18H12N3O3), 
and that contain a carboxylic group (C15H10N2O4), respectively,34 and were calculated assuming that the 
concentration of amine groups in the active layer is negligible compared to that of carboxylic groups (i.e., n + x = 1). 
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f Values in this row correspond to the average of results obtained at 3-5 locations over the same set of 3 samples 
analyzed by RBS; there was at least one location analyzed per sample.  Elemental content is reported in units of 
atomic percent. 
g Values in this row correspond to the cumulative spectrum obtained from 3 samples totaling an analysis area of 
≈2,400 mm2 (≈800 mm2 each).  Elemental content is reported in units of atomic percent.   
h Values in this row are the average of 3 replicates and correspond to the same samples analyzed by XPS. 
i BLD = below detection limit. 
 
 
Figure 3.4.  Cumulative RBS spectrum of LTA-TFN samples (0.75 wt%) 
probed with silver ion at pH=10.5.  The simulation line is hidden behind the 
data points. Silicon and aluminum signals should appear where indicated if they 
were present above detection limit (~0.1 at%). 
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3.3.3 Concentration of charged sites in active layers 
The concentration (NCDT) of near-surface and volume-averaged charged sites in 
membranes active layers measured using XPS and RBS is presented in Table 3.2 and Figure 3.5.    
The concentration of charged sites was approximated as the measured concentration of silver in 
Ag+-probed samples at pH=10.5, where Ag+ ions where ionically associated with R-COO- 
moieties.  The fact that each R-COO- moiety associates with only one Ag+ ion, and the Ag+ 
probing procedure was such that the concentration of free Ag+ ions in the active layer was below 
detection limit (see Section 3.2.6), ensured that the measured concentration of silver corresponds 
to the concentration of R-COO- moieties in the active layer.9 
The results in Table 3.2 and Figure 3.5 show that the concentration of charged sites was 
in the 0.24-35 M range in the near-surface region of the active layer, and in the 0.17-0.27 M 
range in average throughout the active layer.  These concentrations are within the range of values 
reported in the literature 9, 43 for polyamide active layers and the values reported in Chapter 2.  
The results also indicate that the near-surface concentration of charged sites did not substantially 
change as a function of zeolite loading, while the volume-averaged concentration of charged 
sites had a moderate decreasing trend with increasing zeolite loading.  Lower concentrations of 
charged sites indicate lower active layer hydrophilicity and/or higher degree of crosslinking, 
each of which would result in lower water permeabilities as opposed to the increased 
permeability observed in TFNs.6, 20, 34  Therefore, any potential changes to the concentration of 
charged sites in the active layer caused by zeolite incorporation do not appear to have played a 
role in the observed changes in membrane performance.  
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3.3.4 Degree of crosslinking of active layers 
As mentioned in Section 3.3.3, the concentration of charged sites in active layers is 
related to its degree of crosslinking.  Charged sites are unreacted acyl chloride groups that 
hydrolyze into R-COO- moieties, and therefore each charged site represents a ‘broken’ link in the 
polyamide structure.6  We quantified the degree of crosslinking of active layers using the degree 
of polymer crosslinking (DPC),20 as well as the fractions of polymer repeating units that are fully 
cross-linked (C0.50O0.083N0.083H0.333)n or contain a broken link in the form of a carboxylic group 
(C0.484O0.129N0.065H0.323)x.
34  The corresponding results are summarized in Table 3.2 and Figure 
3.6.   
The DPC is defined as the ratio between the measured concentration of amide links in the 
active layer and the maximum concentration of amide links that could have potentially formed in 
the studied active layer, and was calculated as9  
𝐷𝑃𝐶 = 100%
𝑎𝑚𝑖𝑑𝑒 𝑙𝑖𝑛𝑘𝑠
𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑚𝑖𝑑𝑒 𝑙𝑖𝑛𝑘𝑠
≈ 100%
1
1+
%𝑅−𝐶𝑂𝑂−
%𝑁
,     (3.3) 
where 
%𝑅−𝐶𝑂𝑂−
%𝑁
 can be obtained from Table 3.2, and was measured at pH=10.5 at which 95+% of 
carboxylic groups are ionized.  The fractions x and n of polymer repeating units were calculated 
as 
𝑥 =
3
1+(
%𝑅−𝐶𝑂𝑂−
%𝑁
)
−1,          (3.4) 
and 
𝑛 = 1 − 𝑥.           (3.5) 
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Figure 3.5.  Concentration of charged sites in the active layers of TFC and TFNs measured 
at pH=10.5. The x-axis indicates the zeolite loading in the TMC solution used to cast the active 
layers.  XPS and RBS results indicate near-surface and volume-averaged concentrations, 
respectively.  For RBS results, error bars indicate standard deviation for triplicate samples. For 
XPS results, error bars indicate standard deviation for 3-5 locations over the same set of 3 
samples analyzed by RBS.  
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The results show that the near-surface DPC and n fraction of fully crosslinked repeating units 
were in the 97.06-97.74% and 0.912-0.932 ranges, respectively, and did not substantially change 
as a function of zeolite loading.  The volume-averaged DPC and n fraction were in the 97.68-
98.55% and 0.930-0.956 ranges, respectively, and had a moderate increasing trend with 
increasing zeolite loading, with the highest loading (0.75 wt%) resulting in the highest DPC and 
n fraction.  The results therefore indicate that the higher water permeability or decreased salt 
rejection observed in TFNs compared to in the control TFC are not the result of deterioration in 
active layer crosslinking.    
The relatively constant and moderately increasing degree of active layer crosslinking 
observed by XPS and RBS, respectively, (Figure 3.6) suggest that zeolite incorporation 
moderately increased depth heterogeneity in active layers.  This observation is consistent with 
the relatively constant and moderately decreasing concentration of charged sites observed by 
XPS and RBS, respectively (Figure 3.5), as well as with the detection of Al and Si in TFNs by 
XPS but not by RBS (Table 3.2).  While increasing zeolite incorporation may result in increasing 
depth heterogeneity in the active layer, there is no reason to believe that the moderate levels of 
heterogeneity observed could be related to the observed changes in membrane performance. 
3.3.5 Ionization behavior of active layers   
Figure 3.7a presents the ionization behavior of membrane active layers as a function of 
pH as measured using active layers isolated on QCM sensors.  The results show that the 
volumetric concentration of charged sites (NCD) was always below 0.60 M, and increased with 
increasing pH.  These results are consistent with the ionization behavior reported previously for 
active layers of commercial TFCs42,43 and for the TFC and TFN studied in Chapter 2.  
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Figure 3.6.  Degree of crosslinking of membrane active layers measured as degree of polymer 
crosslinking (DPC), and as the fractions of polymer repeating units that are fully cross-linked 
(C0.50O0.083N0.083H0.333)n or contain a broken link in the form of a carboxylic group 
(C0.484O0.129N0.065H0.323)x.  XPS and RBS results indicate near-surface and volume-averaged 
concentrations, respectively.  For RBS results, error bars indicate standard deviation for triplicate 
samples. For XPS results, error bars indicate standard deviation for 3-5 locations over the same 
set of 3 samples analyzed by RBS. 
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The increasing concentration of charged sites with increasing pH is also consistent with 
the expected deprotonation of carboxylic groups as pH increases.6  Figure 3.7a shows that at all 
pH values there was not a substantial difference in NCD up to a zeolite loading of 0.15 wt%.  By 
contrast, a slight or moderate decrease was observed at zeolite loadings of 0.30 wt% and 0.75 
wt%, where the latter resulted in the lowest NCD values measured.  Thus, the overall moderate 
decreasing trend in the volume-averaged concentration of charged sites with increasing zeolite 
loading described in Section 3.3.3 at pH=10.5 also hold at other pH values. 
To better understand the effect of zeolite loading on ionization behavior, we modeled 
NCD values as a function of pH using acid base chemistry as given by 
𝑁𝐶𝐷 = 𝑁𝐶𝐷𝑇 ∑ (𝑤𝑖
10−𝑝𝐾𝑎,𝑖
10−𝑝𝐻+10−𝑝𝐾𝑎,𝑖
)𝑛𝑖=1 ,       (3.6) 
where –as defined in Chapter 2- NCDT is the concentration of charged sites at full ionization, and 
wi is the fraction of ionizable sites having pKa = pKa,i where 1
1


n
i
iw .  The pKa distribution in 
the active layer is directly related to its physico-chemical structure as pKa’s are a function of the 
microenvironment where the corresponding ionizable chemical moiety is located (e.g., dielectric 
constant, spatial distribution of other chemical moieties).   
Thus, differences in pKa distribution would be indicative of differences in physico-
chemical structure.  Figure 3.7b presents an illustrative fit of Equation 3.9 to experimental data 
using NCD values for the TFN with a zeolite loading of 0.015 wt% (fit lines for the control TFC 
and the other TFNs are presented in Appendix B.3).  A summary of all fitted parameters for the 
control TFC and all TFNs is presented in Table 3.3, and in graphical format in Figures 3.7c-d. 
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Figure 3.7.  Ionization behavior of membrane active layers as a function of pH obtained 
using active layers isolated on QCM sensors.  (a) Experimental data for the concentration of 
negatively charged sites (NCD) as a function of pH.  (b) Representative fit lines of Equation 3.9 
using a bimodal (continuous line, R2=0.99) and unimodal (dashed line, R2=0.85) pKa 
distribution.  The data set in panel (b) is that for the TFN with 0.015 wt% nanozeolite loading; fit 
lines for the control TFC and the other TFNs are presented in Appendix B.3.  (c) Values of fitted 
total concentration of negatively ionizable sites (NCDT) and fraction of sites with pKa = pKa,1 
(w1).  (d) Values of the two fitted acidity constants (pKa,1 and pKa,2) of the bimodal pKa 
distribution describing the ionization behavior of the active layers.  Error bars in (a) and (b) 
indicate standard deviation of triplicate samples.  Error bars in (c) and (d) indicate the 
uncertainty in the fitting. 
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As illustrated in Figure 3.7b with the 0.015 wt% TFN, and consistent with results from 
Chapter 2 and elsewhere,17, 18 a unimodal pKa distribution did not describe well (R
2 = 0.85) the 
active layer ionization behavior, but rather two pKa values were required to describe it well (R
2 = 
0.99).  Thus, the data for all membrames were fitted using a bimodal pKa distribution.  Figure 
3.7c presents the fraction w1 of sites with pKa = pKa,1, and Figure 3.7d presents fitted pKa,1 and 
pKa,2 values. Results show that w1 (and thus w2), pKa,1, and pKa,2 did not substantially change 
with zeolite loading. 
Therefore, the physico-chemical properties of the active layer that affect ionization of 
chemical moieties did not substantially change either, and did not play a substantial role on the 
observed changes in membrane performance.  
Figure 3.7c presents, as a function of zeolite loading, the fitted concentration of charged sites at 
full ionization (NCDT).  Consistent with the RBS results discussed in Section 3.3.3, the volume-
averaged NCDT (i.e., QCM measures volume-averaged properties) had a moderate decreasing 
trend with increasing zeolite loading.   
As discussed in Section 3.3.3, a decreasing NCDT would be associated with a higher 
degree of crosslinking which would result in lower water permeability, as opposed to the 
observed increased permeability with increasing zeolite loading.  Thus, NCDT results in Figure 
3.7c support the conclusion from XPS and RBS results that the active layer charge or degree of 
crosslinking did not play a substantial role on the observed changes in membrane performance.  
3.3.6 Water absorption by active layers  
Figure 3.8 presents the results for the absorption of water by active layers when exposed 
to humidified nitrogen gas at 96% RH.    
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Table 3.3.  Fitted parameters for the modeling of the ionization behavior of the active 
layers of the control TFC (0.00 wt%) and LTA-TFNs.  The first column indicates weight 
percent of LTA nanozeolite in the TMC solution used for active layer casting.  Uncertainties 
indicate the uncertainty in the fitting.    
 
Membrane NCDT pKa,1 w1 pKa,2 w2 
0.00 wt% 0.590.04 7.060.25 0.390.18 10.341.42 0.610.18 
0.015 wt% 0.500.02 7.120.17 0.410.04 9.700.22 0.590.04 
0.15 wt% 0.480.05 6.800.43 0.430.10 9.600.56 0.570.10 
0.30 wt% 0.390.02 7.010.24 0.330.04 9.790.28 0.670.04 
0.75 wt% 0.220.02 6.880.41 0.490.11 9.620.76 0.510.11 
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Results show that water absorption was in the 0.08-0.15 ng/ng range, consistent with the 
range of values reported for commercial TFCs in previous studies.42,45  Water sorption showed a 
moderately decreasing trend with increasing zeolite loading, despite a slightly higher water 
sorption for the 0.015 wt% TFN than for the TFC (0.00 wt%).  Since the ability of a material to 
absorb and retain water is largely impacted by its hydrophilicity and secondary forces (i.e. 
hydrogen bonding), the moderately decreasing trend in water absorption with increasing zeolite 
loading is consistent with the corresponding moderately decreasing trend in volume-averaged 
concentration of charged sites (NCDT) described in Sections 3.3.3 and 3.3.5.  Therefore, given 
that water permeability is directly proportional to water absorption,46 but zeolite incorporation 
caused a decrease in water absorption, if any, then the results indicate that changes in the water 
absorption properties of the active layers did not substantially contribute to the observed changes 
in membrane performance. 
3.3.7 Active layer thickness  
Figure 3.9 presents the active layer thicknesses calculated (Equation 3.4) based on the 
masses of active layer isolated on QCM sensors.  Results show that active layer thickness was in 
the 65-109 nm, with all by the 0.75 wt% TFN active layer being in the 65-73 nm range.  The 
range of thicknesses obtained is consistent with the range of values reported for commercial 
TFCs in previous studies.25, 42  Active layer thickness did not show an appreciable change with 
increasing zeolite loading, except at the highest loading (0.075 wt%) at which the thickness (109 
nm) was 57% higher than for the TFC (69 nm); however, the difference between these two 
thicknesses was not statistically significant (p = 0.1454).  Given that thicker active layers result 
in lower water permeability (i.e., water permeability is indirectly proportional to active layer 
thickness45), but zeolite incorporation caused an increase in active layer thickness, if any, then 
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the results indicate that the effect of zeolite incorporation on active layer thickness does not 
account for the observed changes in membrane performance. 
3.3.8 Morphology of active layers 
We evaluated the surface and bulk morphology of active layers via the quantification of 
their surface roughness and visualization of void structure.  These two morphological features 
were selected for analyses because both have been linked to membrane performance, in 
particular, water permeability.  Higher membrane surface roughness has been proposed to be 
correlated to higher water permeability, possibly due to increased interfacial area between the 
membrane surface and the feed solution.47-50 Further, on the basis of numerical continuum 
simulation results,51 the recently reported27, 52-54 void structure of polyamide active layers has 
been proposed to affect membrane performance.47-50   
Figure 3.10 presents the results for membrane surface roughness obtained using AFM 
analysis.  Roughness results are presented as both root-mean-square (RMS) roughness and 
average deviation (AVG) roughness, and were calculated from the AFM topography data as 
described elsewhere.55 The results show that in all cases RMS and AVG roughness values were 
in the 73-98 nm and 59-84 nm ranges, respectively.  The range of roughness values obtained is 
consistent with the range of values reported for commercial TFCs in previous studies.9, 47-50   
Active layer roughness did not show a specific trend with increasing zeolite loading, and one-
way ANVOVA analyses indicated that there was not a statistically significant different among 
roughness values at different zeolite loadings (i.e., p = 0.450 and 0.766 for RMS and AVG 
roughness, respectively).    
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Figure 3.8.  Water absorption by membrane active layers as a function of zeolite loading. 
Water absorption was measured by exposing active layers isolated on QCM sensors to 
humidified nitrogen gas at 98% RH.  Results are presented as mass of water sorbed per mass of 
dry active layer.  Data points and error bars indicate average and standard deviation, 
respectively, of four measurements with two measurements performed in each of duplicate 
samples. 
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Thus, given that no statistically significant changes were observed on surface roughness 
with zeolite loadings, the results indicate that any effects that zeolite incorporation had on 
surface roughness did not play a substantial role on the corresponding observed changes in 
membrane performance. 
Figure 3.11 presents representative cross sectional TEM images for the active layers of 
each of the membranes studied.  The high quality version of these images and additional images 
can be found in Appendix B.4.  Consistent with the relatively low nanoparticle content (<1 at%) 
in the TFN active layers found in Section 3.3.2, as measured by the aluminum and silicon 
content, and the corresponding low statistical probability of finding a nanoparticle in a random 
cross-section, no nanoparticles were visualized in the TEM images.   
The images also show that, consistent with the previously reported presence of voids in 
the active layers of commercial TFCs,27,52-53,54 all active layers had voids in them.  While the 
quality of the images was not sufficiently high to quantify the void fraction and void size 
distribution, no discernable difference in these properties can be visually observed among 
different membranes.  Therefore, the TEM images suggest that there was no substantial 
difference in void structure between the control TFC and the TFNs, and that zeolite 
incorporation into the active layer did not play a substantial role on the changes observed in 
membrane performance.   
3.4 Conclusions 
A study of LTA-TFN membrane properties and performance was conducted to better 
understand the effect that nano-zeolites have on the physico-chemical properties of the 
membrane active, and whether the observed effects on physico-chemical properties correlate 
with observed changes in membrane performance.    
99 
 
Figure 3.9.  Active layer thickness as a function of zeolite loading.  Active layer thickness 
was calculated according to Equation 3.4 from the active layer mass isolated on QCM sensors.  
Data points and error bars indicate average and standard deviation, respectively, of duplicate 
samples. 
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Figure 3.10.  Membrane surface roughness as a function of zeolite loading in the TMC 
solution used to cast the active layers.  Roughness results are presented as both root-mean-
square roughness and average deviation roughness, and were calculated from the AFM 
topography data as described elsewhere.55  Data points and error bars indicate average and 
standard deviation, respectively, of triplicate samples. 
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Results support the following main conclusions: 
 Zeolites are incorporated into active layers in relatively small concentrations (<1 at%) 
 Because zeolite nanoparticles are in such low concentrations in the active layers, results 
obtained for the physico-chemical characterization of active layers correspond to the 
physico-chemical properties of the active layer polymer 
 Zeolite incorporation into active layers results in higher water productivity, and 
unchanged salt rejection up to a zeolite loading threshold above which salt rejection 
decreases 
 Zeolite incorporation did not have a substantial effect on the near-surface charge density, 
near-surface degree of crosslinking, thickness, roughness, or void structure of the active 
layer, nor on the acidity constants of ionizable sites in the active layers 
 Zeolite incorporation moderately decreased the volume-averaged charge density and 
water absorption of active layers, and moderately increased the volume-averaged degree 
of crosslinking. 
 From the effects observed on the physico-chemical properties of active layers, one would 
expect that zeolite incorporation would either not affect membrane performance or lead 
to decreased water productivity (as opposed to the observed increase in water 
productivity). 
Therefore, given that results indicate that changes in the physico-chemical properties of the 
active layer polymer do not account for the observed changes in membrane performance, we 
conclude that the increased water productivity of TFNs over the control TFC is the result of 
water transport through the porous structure of LTA nanozeolites or along the polymer-zeolite 
interface, as it has been suggested to be possible elsewhere.56  
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Figure 3.11.  Cross sectional TEM images of membrane active layers of (a) control TFC, and 
TFNs with a zeolite loading of (b) 0.015 wt%, (c) 0.15 wt%, (d) 0.30 wt%, and (e) 0.75 wt% in 
the TMC solution used to cast the active layers.  Example voids are indicated by arrows.  The 
(blue) dashed line indicates the boundary between the polyamide active layer and the 
polysulfone support. 
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CHAPTER 4 - INFLUENCE OF ZIF8 NANOPARTICLE LOADING, SIZE, AND 
SURFACE AREA ON ACTIVE LAYER PROPERTIES AND PERFORMANCE OF 
THIN-FILM NANOCOMPOSITE MEMBRANES 
4.1 Introduction 
The increasing scarcity of fresh water sources around the world has forced the water 
treatment industry to use alternative water sources of impaired quality such as seawater and 
treated wastewater.1 Thin-film composite (TFC) membranes are the most promising technology 
for production of clean water from impaired water sources because they are able to remove a 
broad range of contaminants of concern including pathogens, salts, and organic molecules.2  TFC 
membranes have a three-layer structure consisting of a top ultrathin active layer (~20-200 nm 
thick) typically made of polyamide, an intermediate polysulfone support (~30-50 m thick), and 
a polyester backing (~100-200 m thick).   
In an effort to maximize membrane water productivity without sacrificing contaminant 
rejection, porous nanoparticles have been incorporated into the active layers with the purpose of 
providing preferential permeation pathways to water over contaminants.3  These modified TFC 
membranes with nanoparticles in the active layer are referred to as thin-film nanocomposite 
(TFN) membranes.  The most widely studied porous nanoparticle used to produce TFNs are 
zeolites which were studied in Chapter 3.4 The use of other porous nanoparticles such as silica 
nanoparticles5 and metal organic frameworks (MOFs)6-8 has also been studied to a much lesser 
extent.  Given than in Chapter 3 it was concluded that the higher water productivity of zeolite 
TFNs over the control TFC was likely facilitated by the zeolite themselves or the zeolite-
polyamide interface, as opposed to by differences in polyamide properties caused by 
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nanoparticle incorporation, continuing to evaluate alternative porous nanoparticles could lead to 
further improvements on TFNs performance.     
Metal-organic frameworks (MOFs) are a highly attractive class of materials for a variety 
of applications such as gas storage, smart sensory technology, molecular sieving, catalysis, and 
membrane technology.9-11  Much of the interest and excitement surrounding these materials is 
due in part to their tunable physico-chemical properties and multiple functionalities.9,10  MOF 
materials are synthesized from ionized metal and organic precursors in either an aqueous or 
organic medium.9  In solution, MOFs self-assemble into crystalline structures possessing particle 
sizes ranging from nanometers to microns.  These hybrid organic-inorganic networks generally 
result in nanoparticles with exceptionally high surface areas, large pore volumes, and unique 
chemical functionality.9-11  While the inherent versatility and unique physico-chemical properties 
of MOFs make them potential candidates for numerous applications including water 
purification,12-14  few classes of MOF materials possess the physico-chemical stability and 
robustness required in full-scale water purification processes.9-11 
Zeolitic imidazole frameworks (ZIFs) is one of the few sub-classes of MOFs suitable for 
use in water treatment.15   The name of this class of MOFs originates from the fact that ZIFs 
possess similar chemical and physical properties to zeolties.15  For example, the Zn-Im-Zn bond 
angles (~145°) are similar to the Si-O-Si bond angles in zeolites.15-16  However, ZIFs possess 
approximately 2-4 times as much surface area and pore volume as zeolites, and -more 
importantly- the tunable features that zeolites lack. 15-16   ZIF8 nanoparticles have pore diameters 
and apertures of 11.6 and 3.4 Å, respectively,9,10 which makes them potential alternatives to the 
LTA zeolites evaluated in Chapter 3 (11.0 and 4.01 Å17pore aperture).  The pore apertures in 
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ZIF8 are large enough to allow for the passage of water molecules (2.75 Å) while preventing the 
passage of larger dissolved contaminants.    
Few studies6,7 have investigated the use of ZIF 8 nanoparticles on membrane filtration.  
For example, in 2011, Hu et al.6 used molecular simulations to explore the influence of ZIF 8 
nanoparticles for application in desalination.  Based upon their simulations, Hu et. al. concluded 
that ZIF8 nanoparticles possess the mechanical robustness and durability required to withstand 
applied pressures during desalination processes.  In addition, Hu et. al. indicated that no single 
Na+ or Cl- ion was observed to pass through the ZIF-8 membranes in their simulations, which 
they attributed to the small pore apertures of the ZIF8 nanoparticle.  In 2015, Duan et al18 
prepared TFNs using ZIF8 nanoparticles and tested them for water permeability and sodium 
chloride rejection.  Under brackish water conditions, ZIF8-based TFN membranes at 0.40 wt% 
loading displayed a higher water permeability (162%) and similar salt rejection than control TFC 
membranes.  The same year, Wang et al.18 also evaluated the water desalination performance of 
ZIF8-based TFNs.  The TFNs were prepared by dispersing the ZIF8 nanoparticles during active 
layer casting in only the organic acyl chloride solution, only the amine aqueous solution, and 
both solutions.  Results showed that the highest water permeability was exhibited by TFNs cast 
from solutions with nanoparticles in both the organic and aqueous phases.  All TFNs displayed 
salt rejections similar to those displayed by control TFCs.   
Given that relatively few theoretical and experimental studies6,7,18 exist, investigating the 
influence of ZIF8 nanoparticles on membrane water permeability and salt rejection is needed.  
Further, to the author’s knowledge, no study has examined the influence of ZIF8 nanoparticle 
size and surface area on TFN performance.  Such studies are needed to fully understand the 
extent to which membrane performance can be optimized by incorporation of ZIF8 nanoparticles 
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into active layers.  This is because nanoparticle size has been shown to affect membrane 
performance in zeolite TFNs,20 and particle surface area correlates with particle porosity and 
pore size.  
Accordingly, the objectives of this study were to: (i) evaluate the effect of ZIF8 loading, 
particle size, and particle surface area on the water permeability and salt rejection of TFN 
membranes; and (ii) study the relationship between observed changes in membrane performance 
due to ZIF8 incorporation and corresponding changes in the physico-chemical properties of the 
active layers.  All membranes had polyamide-based active layers similar to those of commercial 
TFC membranes.  ZIF8 loadings, particle sizes, and surface areas in the ranges of 0.0-0.75 wt%, 
~30-200 nm, and 1-1,400 m2/g, respectively, were evaluated.  ZIF8 loadings were measured as 
percent weight of ZIF8 added to the precursor solution used to cast the membrane active layers.  
ZIF8 particle surface area was modified via ZIF8 particle calcination, and ZIF8 particle size was 
altered by varying various steps in the ZIF8 manufacturing protocol.  The insights gained from 
the information here presented on the effects of ZIF8 on active layer properties and TFN 
performance contribute to advance the fundamental understanding of the mechanisms by which 
nanoparticle fillers affect membrane performance.   
4.2 Materials and Methods 
4.2.1 Chemicals and solvents  
A.C.S. certified cesium hydroxide (CsOH, 99.95%), zinc nitrate hexahydrate, m-
phenylenediamine (MPD, 99%), nitric acid (HNO3, 70%), hydrochloric acid (HCl, 37%), sodium 
chloride (NaCl, 99%), ethanol (95%), hydrogen peroxide (30%), and ammonium hydroxide 
(25%) were purchased from Fisher Scientific (Pittsburgh, PA).  Dimethylformamide (DMF, 
HPLC grade) and methyl imidazole (Hmim, 98%) were also purchased from Fisher Scientific.  
Trimesoyl chloride (TMC) was purchased from Spectrum Chemicals (New Brunswick, NJ), and 
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ISOPAR GTM was obtained from Univar (Raleigh, NC).  All chemicals and solvents were used 
as received without further purification.   
4.2.2 Synthesis of ZIF8 nanoparticles 
All ZIF8 materials were prepared in the laboratory using modified procedures adopted 
from multiple sources.15,16,18   Zinc nitrate (4.4 g) was added to a 100 mL glass bottle containing 
24 g of methanol and a stir bar.  Methyl imidazole (9.8 g) was added to a 1 L glass bottle 
containing 240 g of methanol and a stir bar.  The zinc nitrate solution was added to the methyl 
imidazole solution over a period of ≈4 s, and stirred at 1000 rpm for 5 minutes, and then allowed 
to sit undisturbed for 2 days.  The resulting colloidal mixture was centrifuged for purity, rinsed 
with lab grade water, transferred to an open glass dish, covered with a large Kimwipe (Kimberly-
Clark) and allowed to sit in air for at least 3 hours.  The glass dish was covered with foil, placed 
in a -4 oC freezer for 6 hours, then freeze dried.  Resulting ZIF8 nanoparticles had a diameter and 
surface area of ~100 nm and 1148.41±8.29 m2/g, respectively (see Results and Discussion).  
ZIF8 product yields averaged ~40% based upon the formula ZnC8H10N4.   
Additional batches of ZIF8 nanoparticles were prepared with different surface areas and 
particle sizes. To prepare ZIF8 nanoparticles with different surface areas (See Results and 
Discussion), the ZIF8 nanoparticles prepared as described above were calcined at temperatures 
of 350, 450 or 550 ºC for 1 hour, and then at 1000 oC for 8 hours before being allowed to cool 
under a nitrogen purge (see detailed protocol in Appendix 4.C).  The calcination procedures 
involving the heating steps at 350, 450 and 550 ºC resulted in Brunauer-Emmett-Teller (BET) 
surface areas of 301.99±20.27, 268.55±17.52, and 0.96±0.48 m2/g, respectively.  To prepare 
ZIF8 nanoparticles with different diameters (see Results and Discussion),  ZIF8 nanoparticles 
were produced as described above, but with one of the following changes in the experimental 
procedure: (i) rate of addition of the zinc nitrate solution into the methyl imidazole solution at a 
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rate of ~3 mL/min (instead of over ≈4 s) which resulted in particles with diameters of ~150 nm 
and BET surface area of 747.58±9.87 m2/g; (ii) doubled the methanol solvent volumes of 48 g 
for the zinc nitrate solution and 480 g for the methyl imidazole solution (instead of 24 and 240 g, 
respectively) which resulted in particles with a diameter of ~30 nm and BET surface area of 
795.97±16.53 m2/g; (iii) no stirring after addition of the zinc solution to the methyl imidazole 
(instead of mixing for 5 min) which resulted in particles with diameters in the 20-200 nm range 
and BET surface area of 1275.27±20.48 m2/g; and (iv) stirring time of 15 s (instead of 5 min) 
which resulted in particles with a diameter of ~65 nm and BET surface area of 1322.20±19.85 
m2/g.  These four modified procedures are herein referred to as (i) Titration, (ii) Double solvent, 
(iii) No stirring, and (iv) 15-s stirring.  Note that it was not possible to vary only the ZIF8 
nanoparticle size, but rather changes in size were accompanied by changes in BET surface area.  
Representative electron microscopy images of ZIF8 nanoparticles fabricated in this study can be 
found in Appendix C2.   X-ray diffraction patterns of all samples are listed in Appendix D1 
4.2.3 Membranes supports  
Nanostone Water (Eden Prairie, MN) sourced all pre-cast polysulfone membrane 
supports (PS20).  The PS20 supports were cut into 18 x 18 cm2 sheets.  Prior to use, all supports 
were sprayed with ethanol, rinsed with lab grade water (Dracor, Durham, NC), and then stored 
for 48 hours at room temperature in a plastic 1 L amber bottle filled with fresh lab grade water.   
4.2.4 TFC and ZIF8-TFN Membrane Fabrication 
The membrane active layers of TFCs and TFNs containing ZIF8 in their active layers 
(ZIF8-TFNs) were formed from the reaction of meta-phenylene diamine (MPD) in water at a 
concentration of 3.5 wt% and trimesoyl chloride (TMC) in ISOPAR GTM at a concentration of 
0.15 wt%.   Each solution was prepared in a plastic 1 L amber Nalgene bottle.  The MPD 
solution was stirred on a stir plate at 700 rpm for ~ 3 hours and poured into a glass dish under 
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minimal light exposure.  The glass dish with the MPD solution in it was then covered with foil 
and stored for later use.  For fabrication of TFCs and ZIF-TFNs, the TMC solution was sonicated 
in a water bath for ~60 minutes at 23 °C, and ZIF8 nanoparticles were added to the TMC 
solution and stirred at 700 rpm for an additional hour.  Prior to membrane casting, the ZIF 
8/TMC mixture was placed back in the sonicator bath for 1 hour maintaining the bath 
temperature at 23oC. 
Once the MPD and TMC casting solutions were ready, a pre-cleaned PS20 composite 
sheet was adhered to an 18 x18 cm2 glass plate.  The Psf support was then exposed to the MPD 
solution for ≈2 minutes, and a squeegee was used to remove excess MPD from the support.  
Next, the MPD-soaked support was immersed in a TMC solution for ≈1 minute, which resulted 
in the formation of the membrane active layer.  The TMC solution contained ZIF8 nanoparticles 
for preparation of TFNs and did not contain nanoparticles for preparation of control TFCs.  To 
remove unreacted TMC from the membrane active layer, the membrane was rinsed with excess 
n-hexanes, let dry in air for 1 minute, and thoroughly rinsed with lab grade water.  The 
membranes were then placed in a plastic 1L amber Nalgene bottle filled with fresh lab grade 
water, and stored in the refrigerator for two days prior to use.    
Thirteen fully aromatic polyamide-based TFC and ZIF-TFN membranes were cast and 
tested as part of this study.  Five of the thirteen membranes were used to evaluate the effect of 
ZIF8 loading on membrane performance.  Four of these membranes were prepared using TMC 
solutions containing ZIF-8 nanoparticles (~100 nm in diameter) at loadings of 0.015, 0.15, 0.30, 
and 0.75 wt%.  The fifth membrane was cast without nanoparticles in the TMC solution and 
served as TFC control.   
Three of the thirteen membranes were used to evaluate the effect of ZIF8 surface area on 
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membrane performance. These membranes were prepared with carbonized ZIF8 nanoparticles 
(0.15 wt%) having BET surface areas of 301.99±20.27, 268.55±17.52, 0.96±0.48 m2/g (see 
Section 4.2.2).  Finally, the remaining five membranes (out of the total of thirteen membranes) 
were used to evaluate the effect of ZIF8 size on membrane performance.  Four of these five 
membranes were ZIF8-TFN membranes cast with TMC solutions containing ZIF8 nanoparticles 
(0.15 wt%) having diameters of ~30 nm, ~65 nm, ~150 nm, and 20-200 nm.  The fifth membrane 
was cast without nanoparticles in the TMC solution and served as TFC control.    
4.2.5 Preparation of membrane samples for physico-chemical characterization 
For physico-chemical characterization, membrane coupons with a size of 2.5 x 5.0 cm2 
were cut from the membrane sheets (18x18 cm2) prepared as described in Section 4.2.4.  
Membrane coupons were analyzed using quartz crystal microbalance technology (QCM), atomic 
force microscopy (AFM), and transmission electron microscopy (TEM).  QCM analysis was 
used to determine charge density (as a function of pH), thickness, and water sorption of active 
layers.  For QCM analyses, active layers were isolated onto gold-coated quartz crystal 
microbalance sensors (5 MHz QCM sensors) with an area of 1.54 cm2.  The active layer isolation 
procedure was described in detail in Section 2.1.4, is based on a procedure originally published 
by Freger,21 and has been applied by several research groups.22-27  It has been shown that 
characterization results obtained using active layers isolated with this procedure are similar 
results to those obtained with non-isolated active layers. 22-27  In brief, the following steps were 
followed for active layer isolation: (i) the polyester backing layer was manually removed, (ii) the 
membrane coupon was placed against the QCM sensor with the polyamide side facing the 
sensor, (iii) and the exposed polysulfone layer was dissolved using DMF.  Following the 
dissolution of the polysulfone layer the polyamide-coated sensor was dried in air, rinsed with lab 
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grade water, dried with ultrapure nitrogen gas, and finally stored in a sealed plastic box until 
further use.   
AFM analysis was used to evaluate membrane surface roughness.  Prior to analysis, 
membrane coupons were rinsed with ultrapure water, and dried with filter paper.  Before AFM 
analysis, the samples were adhered to a glass slide using transparent double-sided tape, with the 
polyester support facing the glass slide surface.  TEM analysis was used to visualize the void 
structure of active layers in cross-sectional images.  Membrane samples for TEM analysis were 
prepared as described elsewhere.23  Briefly, after drying the membrane coupons with filter paper 
and dehydrating them with 100% ethanol, the coupons were embedded with LR White resin 
(London Resin Co, Reading, UK) diluted in ethanol and cured at 48 oC for 72 hours.  Next, using 
a Sorvall MT 6000 Ultramicrotome (RMC Co., Tucson, AR), samples were cut into ultra-thin 
(~90-100 nm) slices for TEM visualization.  The air/ethanol drying process was previously 
demonstrated to not have detrimental effects on the active layer polymeric structure.21   
4.2.6 Quartz crystal microbalance analyses 
A Q-Sense E4 quartz crystal microbalance (Biolin Scientific, Lithicum Heights, MD) was 
used to quantify active layer thickness (Section 3.2.10), concentration of charged sites as a 
function of pH (Section 3.2.11), and water absorption (Section 3.2.12).  The E4 microbalance 
enables the simultaneous testing of up to four sensors, where each sensor is loaded into one of 
four ‘modules’ connected in parallel.  The sensors were loaded onto Q-Sense flow modules 
(Figure 4.1a) to determine active layer thickness and concentration of charged sites, and onto Q-
Sense humidity modules to determine water sorption by active layers (Figure 4.1b).  All Q-Sense 
flow modules were labeled with numbers 1-4 in sequential order from left to right and were 
always loaded in the same position on the balance from left to right.  For all experimental 
conditions tested, an uncoated sensor (control) was always loaded into Q-Sense flow modules 
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number 1.  The control sensor was exposed to the same fluids (i.e., aqueous solution or nitrogen 
gas, depending on test performed) as the coated sensors to correct the QCM baseline reading for 
any changes introduced by differences in the density and viscosity of the fluids.  The temperature 
in the QCM modules was always controlled at 22±0.02 oC using their temperature control 
feature.  
The principles of microbalance technology are described in detail elsewhere.30,31  Briefly, 
under an applied oscillating electric field, when the QCM sensor experiences a change in mass 
(m, ng/cm2) due to e.g. absorption or desorption of water, the sensor also experiences a 
proportional change in its resonant frequency (Δf, Hz) of vibration.  The Sauerbrey relationship 
describes the relationship between m and Δf as linear and given by 
∆𝑚 =  −𝐶 (
∆𝑓
𝑛
),          (4.1)  
where C is the mass sensitivity constant of the microbalance, and n is the overtone number 
monitored for the sensor (n=3 in this study).  In this study, C=17.7 ng/cm2/Hz (for 5 MHz 
sensors) and n=3.  Equation 4.1 is valid only when Δf/n is independent of n, which is the case for 
sensors coated with active layers as demonstrated in Section 2.2.2 and elsewhere. 23,25,29   
4.2.7 Measurement of active layer thickness  
QCM measurements of the areal mass of active layers isolated on QCM sensors (mAL, 
ng.cm-2) were used to determine active layer thickness, as described elsewhere.24  Briefly, mAL 
for each coated sensor was obtained from the difference in resonance frequency (f) of the 
sensor before and after being coated with the active layer.  Active layer thickness (, nm) was 
then calculated as 
AL
ALm

  ,                                                                                                          (4.2)       
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where mAL was calculated using Equation 4.1, and AL=1.24 g.cm-3 is the approximate mass 
density of the active layer.32  Active layer thickness results reported correspond to the average 
and standard deviation for duplicate sensors.   
4.2.8 Measurement of concentration of negatively charged sites in ZIF8-TFN active layers 
as a function of pH 
 The concentration of negatively charged sites in the active layers of ZIF8-TFNs was 
measured as a function of pH using the ion probing-QCM procedure detailed in Section 2.2.9.  In 
brief, at each pH of interest, active layers isolated on QCM sensors were exposed to a dilute 
CsOH solution.  
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Figure 4.1.  Schematic of a cross section of the quartz crystal microbalance (QCM) modules 
used in this study.  (a) Flow module for measurement of active layer thickness and 
concentration of charged sites as a function of pH.  (b) Humidity module for measurement of 
water uptake by active layers when exposed to humidified nitrogen gas.  The schematics are not 
to scale.  In the schematics, the positioning of the inlet and outlet channels of the modules have 
been slightly modified for clarity; in reality they are located on the same xy plane. (Reproduced 
from ref. 23 ) 
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Upon exposure of a coated sensor to the CsOH solution, cesium ions (Cs+) saturated the 
negatively charged sites in the active layer, which caused a change in areal mass (mCs,areal, 
ng/cm2) of the coated sensor registered by the QCM.  Given the dilute nature of the CsOH 
solution, mobile Cs+ ions that partitioned into the active layer (i.e., that were not ionically 
associated with charged sites) did not contribute to mCs,areal.  Because of the 1:1 correspondence 
between Cs+ ion and negatively charged sites (i.e., carboxylate groups, R-COO-) in the active 
layer, mCs,areal can be used to calculate the concentration of charged sites (NCD, M) in the active 
layer from 
𝑁𝐶𝐷 =
𝑚𝐶𝑠,𝑎𝑟𝑒𝑎𝑙
𝑀𝑊𝐶𝑠
,          (4.3) 
 
where MW=132.91 g/mol and  are the molecular weight of cesium and active layer thickness 
(see Equation 4.2), respectively.  Results reported in this study for NCD correspond to the 
average and standard deviation for duplicate sensors.  NCD results were modeled as described in 
Section 3.3.5 to obtain the total concentration of ionizable sites (NCDT), acidity constants (pKa,1 
and pKa,2), and fraction of ionizable sites with pKa,1 (w1) and pKa,2 (w2 = 1-w1). 
The complete procedure for measuring mCs,areal as a function of pH was as follows.  For 
any given coated sensor, the coated sensor was first exposed to lab grade water followed by five 
cycles of dilute CsOH solution (1mM) at pH=11 (i.e., the highest pH of interest) and lab grade 
water.   Next, the following cycle was repeated at each remaining pH of interest in order of 
descending pH (pH=10.0, 9.0, 8.0, 7.0, 6.0 and 5.5): (1) depression of the pH of the CsOH 
solution to the next pH of interest, (2) exposure of the coated sensor to the CsOH solution at the 
newly adjusted pH, and (3) exposure of the coated sensor to ultrapure water.  The flow rate for 
all solutions was 0.125 mL/min.  Exposure to any test solution was terminated when equilibrium 
was achieved between the test solution and the active layer, as indicated by a rate of change of 
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0.3 ng/cm2/min for mCs,areal.  At each pH studied, mCs,areal was obtained from the difference in 
QCM response to the coated sensor exposed to ultrapure water and CsOH solution. 
4.2.9 Measurement of water absorption by active layer polymer 
The absorption of water by the active layer polymer was measured using coated sensors, 
as described in detail elsewhere.29  Briefly, water sorption measurements were obtained by 
exposing active layers isolated on QCM sensors to water vapor.  The mass of water absorbed by 
the active layer polymer (mv, ng/cm2) was obtained from the difference in QCM response to the 
sensor when exposed to dry nitrogen gas (0.006% relative humidity-RH) and humidified 
nitrogen gas (98% RH) (dew point is 21oC at 98% RH).  The humidified nitrogen stream was 
created by forcing high purity nitrogen gas through a series of vessels filled with lab grade water.  
The relative humidity of the exiting stream was verified with a humidity meter.  For the tests, the 
coated sensors were placed in Q-Sense humidity modules (Biolin Scientific, Lithicum Heights, 
MD) (Figure 4.1b) which were comprised of an inner and outer chamber, separated by a 
GORETM membrane (W. L. Gore & Associates, Newark, DE).  The outer chamber contained the 
flowing gas of interest (i.e., dry or 98% RH nitrogen) while the inner chamber served as the 
loading area for the sensor.   Gas in the outer chamber flowed (<0.2 psi) until a steady state was 
achieved, as indicated by a rate of change in sensor areal mass lower than 4 ng/cm2/min.  Water 
absorption is reported in this study normalized by active layer mass (mv/mAL).  Results reported 
for water absorption correspond to the average and standard deviation of values obtained for 
duplicate sensors.   
4.2.10 Atomic force microscopy analyses   
AFM micrographs were obtained with an Asylum Research MFP-3D AFM (Santa 
Barbara, CA).  Measurements were performed in tapping mode with silicon AFM tips coated 
with a reflective aluminum layer and a nominal spring constant of 40 N/m (AFM probe Model: 
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Tap300 Al-G, Budget Sensors).  Results reported correspond to the average and standard 
deviation for triplicate samples, each having an analysis area of 10x10 μm2.   
4.2.11 Transmission electron microscopy analyses 
TEM images of membrane cross sections were obtained using a JEOL 100CX II TEM 
(JEOL USA, Peabody, MA) at an acceleration voltage of 80 kV. Analyses were performed in 
bright-field mode.  Ten images at a magnification of 72,000× were taken for each membrane 
imaged.   
4.2.12 Membrane performance evaluation 
For each membrane type, sample coupons (8.5x11.5 cm2) were cut from two individual 
membrane sheets (18.0 x 18.0 cm2) and evaluated for water permeability and NaCl rejection.  For 
the study of the effect of ZIF8 loading and ZIF8 surface area on membrane performance, results 
reported correspond to the average and standard deviation for two coupons (i.e., one from each 
membrane sheet).  To study the effect of ZIF8 nanoparticle size on membrane performance, 
results reported correspond to the average and standard deviation for four coupons (i.e., duplicate 
coupons per membrane sheet).  Figure 4.2 shows the stainless steel cross-flow flat-sheet filtration 
system used for testing.  The filtration system has the capability of testing four membrane 
coupons simultaneously, each with an active membrane area of 35.5 cm2.  A cooling coil and an 
automatic pH controller were used to control the feed water temperature (22±0.2 oC) and pH 
(6.50.3) during tests. Tests were performed using a cross-flow velocity of 16 m/s in the cells.  
Once installed in the cells and prior to testing for water permeability and NaCl rejection, 
membrane coupons were compacted with lab grade water under an applied pressure of 225 psi 
for 24 hours.  After membrane compaction, the feed water was replaced with a 0.5 g/L solution 
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of sodium chloride (NaCl) in laboratory grade water at pH = 6.50.3, and the applied pressure 
was adjusted to 190 psi.  After 36 hours of filtration time, samples were collected for water 
permeability and NaCl rejection analysis.  Then, the crossflow filtration system was rinsed with 
lab grade water until conductivity measurements were below 0.010 μS.  
Water permeability was evaluated using the membrane water flux (Jw, m
3/m2/s) as the 
metric of interest, and was calculated as  
 𝐽𝑊 =
𝑄𝑝
𝑎𝑚
,           (4.4) 
where Qp (m
3/s) corresponds to the permeate water flow rate, and am (m
2) corresponds to the 
effective membrane area during filtration.  For each membrane coupon tested, the effective 
membrane area was am = 35.5 cm
2 as indicated above, and JW = mW/t/W was calculated from 
the weight of water (mW, g) that permeated during a finite amount of time (t, min), assuming a 
water density of W = 1 g/cm3.  Percent salt rejection (%R) was calculated as  
%𝑅 = 100%(1 −
𝐶𝑝
𝐶𝑓
),         (4.5) 
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Figure 4.2.  A custom-built laboratory-scale cross-flow system, equipped with four flat-sheet 
membrane cells (7.65 cm x 4.65 cm effective membrane area each) in series, electronic pressure 
transducers, a flow indicator, sampling ports, a recirculating chiller for temperature control, pH 
electrode and meter, and metering valves to control flow and pressure. The membrane cells are 
numbered 1 through 4. PD = pulsation dampener, PT = pressure transducer, FI = flow indicator, 
S = sampling port. (Taken from ref. 33) 
  
125 
where Cf (S) and Cp (S) correspond to the conductivities measured for the feed and permeate 
water samples, respectively. 
4.3 Results and Discussion 
4.3.1 Effect of ZIF8 loading on the performance of ZIF8-TFN membranes 
 Table 4.1 and Figure 4.3 show water permeability and percent NaCl rejection for ZIF8-
TFN samples as a function of ZIF8 loading in the TMC organic solution used during active layer 
casting.   The ratio between water flux (JW) and net transmembrane pressure (p = 13.1 bar or 
190 psi) was used to quantify the water permeability coefficient (A, L/m2.h.bar) of the 
membrane.  The results in Table 4.1 and Figure 4.3 indicate that, generally, membrane water 
permeability increased as ZIF8 nanoparticle content increased up to a ZIF8 loading of 0.15 wt%, 
without a deleterious effect on NaCl rejection performance.  Specifically, a 35% increase in 
water permeability was observed at a ZIF8 loading of 0.15 wt% without significant detrimental 
effects on NaCl rejection (p=0.147).  A similar trend in water permeability was observed for the 
TFN membranes containing zeolite nanoparticles studied in Chapter 3.  As shown in Figure 4.3, 
while at ZIF8 loadings higher than 0.15 wt% the membranes showed increased water 
permeability (e.g., 155 % increase versus the TFC control for 0.75 wt% ZIF8 loading), they also 
showed significant deterioration in salt rejection (e.g., 48 percentage points decrease versus the 
TFC control for 0.75 wt% loading).  Despite enhanced water permeability at ZIF8 loadings of 
0.30 wt% and 0.75 wt%, the relatively low NaCl rejections exhibited by these membranes are not 
suitable for full-scale desalting applications.   
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Table 4.1.  Water permeability coefficient (A) and percent sodium chloride rejection (%R) 
for TFC and ZIF8-TFN membranes with a range of ZIF8 loadings in their active layers.  
The number in parentheses in the membrane label indicates the percent weight (wt%) of ZIF8 
nanoparticles in the organic TMC solution used during active layer casting.  Performance results 
correspond to the average and standard deviation for duplicate samples.  Test conditions: 0.5 g/L 
NaCl, pH=6.20.3, 13.1 bar, 22±0.2 oC.  
 
Sample 
Water 
Permeability, A 
(L/m2.hr.bar) 
Salt Rejection 
(%R) 
BET 
Surface Area 
(m²/g) 
TFC (0.0) 2.040.18 98.830.2 - 
ZIF8-TFN (0.015) 2.640.06 98.710.6 
1148.41±8.29 
ZIF8-TFN (0.15) 2.760.19 98.070.4 
ZIF8-TFN (0.30) 2.260.06 72.710.33 
ZIF8-TFN (0.75) 5.223.45 50.5155.7 
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Figure 4.3.  Water permeability (A) and percent sodium chloride rejection (%R) for TFC 
and TFN membranes with a range of ZIF8 loadings in their active layers.  The legend 
indicates the percent weight concentration (wt%) of nanoparticles in the organic TMC solution 
used for active layer casting.  Results reported correspond to the average and standard deviation 
for duplicate samples.  Test conditions: 0.5 g/L NaCl, pH=6.50.3, 13.1 bar, 22±0.2 oC. 
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The observed trends of increasing water permeability with ZIF8 loading, and drop in salt 
rejection above a certain ZIF8 loading threshold, are consistent with trends observed in others 
studies7,8,18,34 using ZIF8 nanoparticles in membrane active layers.  For example, Duan et al8 
evaluated ZIF8 nanoparticles in membrane active layers at loadings in the 0.0-0.40 wt % range.  
At 0.20 and 0.40 wt% loading, Duan et al reported water permeabilities 124% and 162% higher, 
respectively, than the TFC control without negatively impacting salt rejection performance 
(>98%).  In another study, Wang et al18 prepared ZIF8-TFNs by incorporating the ZIF8 
nanoparticles into the aqueous and/or organic phases during active layer casting.  The TFN 
membranes with ZIF8 loadings of 0.15 wt% in either the aqueous or organic phases showed 
water fluxes 46% and 60% higher, respectively, than the TFC control.   However, reported salt 
rejections were 51% and 38%, respectively. 
When compared to the results reported in Chapter 3 for TFNs prepared with LTA zeolite 
nanoparticles, ZIF8 nanoparticles allowed for a greater increase in water permeability without 
detriment to salt rejection.  Specifically, at a nanoparticle loading of 0.15 wt%, ZIF8-TFN and 
LTA-TFN membranes showed a 35% and 18% increase, respectively, in water permeability 
versus their corresponding control TFC membranes.  Some researchers have proposed that the 
moderately higher water permeability observed from ZIF8-TFNs versus the LTA-TFN may be 
related to faster water transport through the hydrophobic ZIF8 structure versus the hydrophilic 
structure in zeolites.7,8, 34 
4.3.2 Effect of ZIF8 surface area on the performance of ZIF8-TFN membranes  
To investigate the impact of ZIF8 surface area on membrane water permeability and 
NaCl rejection, three additional TFN samples were prepared with ZIF8 nanoparticles (0.15 wt%) 
having different surface areas.  The surface area of the ZIF8 nanoparticles was modified through 
calcination (see Sections 4.2.2 and 4.2.4), and the membranes prepared with these particles are 
129 
labeled as “cZIF8-TFNs”.  Calcination of ZIF8 particles led to decreased BET surface areas from 
1,148 g/m2 for non-calcined particles to values as low as 1 g/m2 (see Table 4.2).  Corresponding 
membrane performance results are summarized in Table 4.2 and Figure 4.4, and show that 
incorporation of calcined nanoparticles into the active layers had detrimental effects on 
membrane performance, when compared to non-calcined ZIF8 incorporation.  Specifically, 
compared to the control ZIF8-TFN membrane, the cZIF8-TFN membranes had up to 50% lower 
water permeability (p=0.017-0.188) and up to 3.7 percentage points lower salt rejection 
(p=0.006-0.038).  Given that calcined ZIF8 nanoparticles had lower surface areas than the non-
calcined nanoparticles, the results suggest that lower surface areas may lead to decreased water 
permeability and salt rejection, and thus, that calcination of ZIF8 nanoparticles is not an effective 
approach to improve performance of ZIF8-TFN membranes.  Compared to the control TFC 
membrane, the cZIF8-TFN membranes had up to 32% lower water permeability (p=0.060-0.399) 
and up to 4.9 percentage points lower salt rejection (p=0.001-0.002). 
To my knowledge there are no existing studies that investigate how calcined ZIF8 
nanoparticles influence the structure and performance of membrane active layers.  On the other 
hand, several studies36-39 have investigated the influence of calcined MOF materials for 
absorption and or capture of flue gases.   For example, Jiang et. al.38 successfully used ZIF8 
nanoparticles as template materials to make nanoporous carbon that showed exceptionally high 
BET surfaces areas (~3,400 m2/g) and relatively high hydrogen uptake (2.77 wt % at 77 K and 1 
atm).  Srinivas et. al.39 synthesized what they refer to as ‘hierarchical porous carbons’ from 
several different MOF materials resulting in carbonized structures displaying surface areas 
greater than 2,000 m2/g and relatively high CO2 absorption capabilities (up to 5.53 cm
3/g).  
Therefore, it may be possible to find the right set of calcination conditions that would lead to 
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ZIF8 nanoparticles with increased surface area (over the 1,148 m2/g provided by non-calcined 
ZIF8) amenable to incorporation into membrane active layers; however, the procedures reported 
in this study to produce calcined nanoparticles did not result in nanoparticles with surface areas 
larger than that of non-calcined nanoparticles.  One potential explanation for this is that the 
molecular framework of the ZIF8 materials used as precursors were compromised due to 
excessive heat exposure, thereby resulting in materials with diminished surface areas.56  
4.3.3 Effect of ZIF8 nanoparticle size on the performance of ZIF8-TFN membranes 
To investigate the impact of ZIF8 nanoparticle size on membrane water permeability and 
NaCl rejection, four additional TFN membrane samples were prepared with ZIF8 nanoparticles 
(0.15 wt%) having different sizes.  Differences in ZIF8 nanoparticle size were achieved through 
distinct modifications to the ZIF8 fabrication procedures as described in Section 4.2.2.  
Differences in ZIF8 nanoparticle size also were accompanied by differences in ZIF8 surface 
area.  Resulting ZIF8 nanoparticles had sizes and BET surfaces areas in the ~20-200 nm and 
748-1,322 m2/g range, respectively (see Table 4.3).   Corresponding membrane performance 
results are summarized in Table 4.3 and Figure 4.5, together with the performance of the ZIF8-
TFN membrane samples with a 0.15 wt% loading of ZIF8 nanoparticles ~100 nm in size 
discussed in Sections 4.3.1 and 4.3.2.  The results show that incorporation of (non-calcined) 
ZIF8 nanoparticles into the active layers at a 0.15 wt% loading always resulted in substantial 
increases in water permeability compared to the corresponding TFC control membranes 
(p<0.057).  This finding is consistent with the results reported in Chapter 3 for LTA-TFN 
membranes.    
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Table 4.2.  Water permeability coefficient (A) and percent sodium chloride rejection (%R) 
for TFC and ZIF8-TFN membranes prepared with ZIF8 nanoparticles having a range of 
BET surface areas.  “cZIF8-TFN” indicates that the membrane was cast using carbonized ZIF8 
nanoparticles.  The number after the underscore (_) in the label of cZIF8-TFNs indicates the 
temperature of the first heating step during ZIF8 calcination (see Section 4.2.2).  The number in 
parentheses in the membrane label indicates the percent weight (wt%) of ZIF8 nanoparticles in 
the organic TMC solution used during active layer casting.  Test conditions: 0.5 g/L NaCl, 
pH=6.20.3, 13.1 bar, 22±0.2 oC.  
Sample 
Water 
Permeability, A 
(L/m2.hr.bar) 
Salt Rejection 
(%R) 
BET 
Surface Area 
(m²/g) 
TFC (0.0)* 2.040.18 98.830.2 - 
ZIF8-TFN (0.15)* 2.760.19 98.070.4 1148.41±8.29 
cZIF8-TFN_350 
(0.15) 
2.250.28 94.410.08 301.99  20.27 
cZIF8-TFN_450 
(0.15) 
1.380.17 93.930.21 268.55 17.52 
cZIF8-TFN_550 
(0.15) 
1.510.28 94.380.11 0.96  0.48 
*Correspond to the same membranes listed in Table 4.1. 
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Figure 4.4.  Water permeability (A) and percent sodium chloride rejection (%R) for TFC 
and TFN membranes prepared with ZIF8 nanoparticles having a range of BET surface 
areas.  All TFNs in this figure were fabricated using carbonized ZIF8 nanoparticles at a 0.15 
wt% loading in the organic TMC solution used during active layer casting.  ZIF8 surface areas of 
301.99±20.27, 268.55±17.52, and 0.96±0.48 m2/g were obtained using the calcination 
procedures involving the heating steps at 350, 450 and 550 ºC, respectively (see Section 4.2.2).  
Performance results indicate the average and standard deviation for duplicate samples.  Test 
conditions: 0.5 g/L NaCl, pH=6.20.3, 13.1 bar, 22±0.2 oC.    
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Results in Table 4.3 and Figure 4.5 also show that when the ZIF8-TFN membranes were 
prepared with nanoparticles having a narrow size distribution (i.e., ~150, ~30, ~65 nm, or ~100 
nm), salt rejection performance was not compromised (p=0.284-0.941).  By contrast, the ZIF8-
TFN membrane samples prepared with the batch of ZIF8 nanoparticles having sizes in the ~20-
200 nm range had a lower salt rejection than the TFC control (p<0.001).  Therefore, the results 
indicate that regardless of the ZIF8 nanoparticle size, a 0.15 wt% loading of ZIF8 nanoparticles 
with a narrow size distribution results in increased water permeability without detrimental effects 
to salt rejection. 
Among the ZIF8-TFN membranes with similar salt rejection to the control TFC 
membrane (i.e., those with narrow size distribution), the ones with the highest water permeability 
increase with respect to their corresponding control TFC membrane were those with intermediate 
size of ZIF8 nanoparticles.  Specifically, ZIF8-TFN membranes prepared with nanoparticles 
~100 nm and ~65 nm in size had water permeabilities 35% and 41% greater, respectively, than 
their corresponding control TFC membranes.  The ZIF8-TFN membranes with the highest (~150 
nm) and smallest (~30 nm) ZIF8 sizes had water permeabilities 23% and 28% greater, 
respectively, than their control TFC membrane.  Thus, it appears that nanoparticle sizes similar 
in size to active layer thickness (52-92 nm, see Section 4.3.6) result in greater water permeability 
increases with respect to corresponding control TFC membranes than ZIF8 nanoparticle sizes 
significantly different from the active layer thickness.   
We also looked at the performance results of the ZIF8-TFN membranes with narrow size 
distribution in Table 4.3 from the point of view of their surface area.   
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Table 4.3.  Water permeability coefficient (A) and percent sodium chloride rejection (%R) 
for TFC and ZIF8-TFN membranes prepared with ZIF8 nanoparticles having a range of 
sizes. The number in parentheses in the label indicates the percent weight (wt%) of ZIF8 
nanoparticles in the organic TMC solution used during active layer casting.  ZIF8 nanoparticle 
sizes of 150, 30, 20-200, and 65 nm were obtained using the ZIF8 fabrication procedures denoted 
in Section 4.2.2 as “Titration”, “Double solvent”, “No stirring”, and “15-s stirring”, respectively.  
Performance results indicate the average and standard deviation for four replicate samples.  Test 
conditions: 0.5 g/L NaCl, pH=6.20.3, 13.1 bar, 22±0.2 oC.   
Label 
Water 
Permeability, A 
(L/m2.hr.bar) 
Salt Rejection 
(%R) 
ZIF8 Size 
from TEM 
(nm) 
BET 
Surface Area 
(m²/g) 
TFC (0.00) 2.250.17 98.850.24 - - 
Titration (0.15) 2.770.28 98.680.17 ~150 747.589.87 
Double solvent (0.15) 2.880.11 98.870.58 ~30 795.97±16.53 
No stirring (0.15) 3.070.42 97.200.11 ~20-200 1275.27±20.48 
15-s stirring (0.15) 3.190.11 98.490.56 ~65 1322.20±19.85 
5-min stirring 
(0.15)* 
2.760.19 98.070.4 ~100 1148.41±8.29 
*Correspond to the ZIF8-TFN (0.15) membranes in Table 4.1.  Corresponding control TFC 
membranes had 2.04±0.18 L/m2.hr/.bar water permeability and 98.83±0.2% salt rejection. 
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Figure 4.5.  Water permeability (A) and percent sodium chloride rejection (%R) for TFC 
and TFN membranes prepared with ZIF8 nanoparticles (0.15 wt%) having a range of sizes.  
ZIF8 nanoparticle sizes of ~150, ~30, ~20-200, and ~65 nm were obtained using the ZIF8 
fabrication procedures denoted in Section 4.2.2 as “Titration”, “Double solvent”, “No stirring”, 
and “15-s stirring”, respectively.  Results reported indicate the average and standard deviation 
for four replicate samples.  Test conditions: 0.5 g/L NaCl, pH=6.20.3, 13.1 bar, 22±0.2 oC.    
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The results indicate that the two membranes with the largest water permeability 
increases, with respect to their corresponding control TFC membranes, had BET surface areas of 
1,322.20±19.85 m2/g (~65 nm ZIF8 nanoparticles) and 1,148.41±8.29 m2/g (~100 nm ZIF8 
nanoparticles).  The other two membranes had smaller BET surface areas of 747.589.87 m2/g 
(~150 nm ZIF8 nanoparticles) and 795.97±16.53 m2/g (~30 nm ZIF8 nanoparticles).  Therefore, 
the results indicate that larger surface areas result in greater increases in water permeability, 
consistent with the results for TFN membranes prepared with calcined ZIF8 nanoparticles 
discussed in Section 4.3.2. 
4.3.4 Ionizable sites in membrane active layers  
To evaluate whether there was a correlation between the performance differences 
observed between ZIF8-TFN and TFC membranes and the changes in active layer properties 
effected by ZIF8 incorporation, various physico-chemical properties of the membrane active 
layers were characterized.  We focused the characterization work on the group of ZIF8-TFN 
membranes used to study the effect of ZIF8 loading on membrane performance (Section 4.3.1), 
because these membranes showed significantly different performances from each other in terms 
of both water permeabilities and salt rejection.  Given that the group of ZIF8-TFN membranes 
used to study the effect of ZIF8 size on membrane performance showed significantly different 
performance from each other only in terms of water permeability, we used their characterization 
results only where needed to support discussions relevant to water permeability.  We did not 
characterize the active layers of cZIF8-TFN membranes, because none of the ZIF8-TFN 
membranes prepared with calcined ZIF8 nanoparticles (cZIF8-TFNs) performed better than their 
corresponding control TFC membrane.  Accordingly, the active layers of the ZIF8-TFN 
membranes used to study the effect of ZIF8 loading (Section 4.2.1) and/or size (Section 4.2.3) on 
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membrane performance were characterized for their concentration of charged sites as a function 
of pH, water absorption, thickness, surface roughness, and presence/absence of voids. 
Figure 4.6 presents the measured concentration of charged sites (NCD) in membrane 
active layers as a function of pH (Figure 4.6a), an illustrative fitting of the NCD data to Equation 
3.9 (Figure 4.6b), and parameter fitting results (Figures 4.6c-d) for the group of ZIF8-TFN 
membranes used to study the effect of ZIF8 loading on membrane performance.  The NCD 
results in Figure 4.6a show that the concentration of charged sites at the pH at which salt 
rejection tests were performed (pH=6.2±0.3) was relatively small (<0.1 M) and similar for all 
membranes.  This indicates that the extent to which ions were rejected by the Donnan exclusion 
mechanism did not vary substantially among membranes.40,41 Thus, differences in salt rejection 
among membranes were likely not due to differences in charge density.   
Figure 4.6b presents an illustrative fitting of the NCD data to Equation 3.9 using the 
results for the ZIF8-TFN membrane with a ZIF8 loading of 0.15 wt%.  While the ionization 
behavior of all ZIF8-TFN membranes was best described by a bimodal pKa distribution, the 
ionization behavior of the control TFC membrane was best described by a unimodal pKa 
distribution having a pKa=8.44 that was intermediate between the pKa,1 and pKa,2 values of the 
ZIF8-TFN membranes.  We are unsure of why the latter was the case as the ionization behaviors 
reported in the literature42,43 for polyamide-based TFC membranes, as well as those reported in 
Chapters 2 and 3, are bimodal.   
Figure 4.6c presents the fitting results for the total concentration of ionizable sites in the 
active layer (NCDT) and the fraction (w1) of ionizable sites with pKa=pKa,1.  NCDT results 
indicate that the control TFC membrane had the highest total concentration of charged sites, and 
that in general a higher ZIF8 loading resulted in a lower total concentration of charged sites.  As 
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discussed in Section 3.3.5, the total concentration of charged sites is related to the degree of 
crosslinking of the active layer polymer, where a higher concentration of charged sites indicates 
a lower degree of crosslinking.  Additionally, a lower concentration of charged sites and higher 
degree of crosslinking are expected to result in membranes with lower water permeability 
because of lower hydrophilicity and ‘tighter’ polymer structure, respectively.44,45  As depicted in 
Figure 4.6c, the two ZIF8-TFN membranes (0.015 and 0.30 wt%) that had a greater water 
permeability (and similar salt rejection) than the TFC membrane also had a lower total 
concentration of charged sites, and thus a higher degree of crosslinking. 
This observation is consistent with corresponding results for the group of ZIF8-TFN 
membranes used to study the effect of ZIF8 size on membrane performance (see Appendix C3).  
Among these membranes, the control TFC membrane had the greatest total concentration of 
charged sites (p=0.005), and thus the lowest degree of crosslinking, but it was also the membrane 
with the lowest water permeability (see Section 4.3.3).  Therefore, NCDT results suggest that the 
observed differences in membrane performance are not related to changes in degree of 
crosslinking, which is consistent with observations for LTA-TFN membranes in Section 3.3.5.  
The w1 fitting results in Figure 4.6c show that there was not a significant difference (p=0.418) 
among the w1 values obtained for the four ZIF8-TFN membranes.  This indicates that the relative 
fraction of ionizable sites in the active layer having the lower (pKa,1) or higher (pKa,2) acidity 
constant did not significantly change with zeolite loading.  Moreover, Figure 4.6d shows that 
neither the lower acidity constant nor the higher acidity constant in the active layers of ZIF8-
TFN membranes significantly changed with ZIF8 loading (p=0.109 and 0.639 for pKa,1, and 
pKa,2, respectively).     
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Figure 4.6.  Ionization behavior of membrane active layers as a function of pH obtained 
using active layers isolated on QCM sensors.  (a) Experimental data for the concentration of 
negatively charged sites (NCD) as a function of pH.  (b) Representative fit lines of Equation 3.9 
using a bimodal (continuous line, R2=0.99) and unimodal (dashed line, R2=0.92) pKa 
distribution.  The data set in panel (b) is that for the TFN with 0.15 wt% ZIF8 loading.  (c) 
Values of fitted total concentration of negatively ionizable sites (NCDT) and fraction of sites with 
pKa = pKa,1 (w1).  (d) Values of the two fitted acidity constants (pKa,1 and pKa,2) of the bimodal 
pKa distribution describing the ionization behavior of the active layers.  The TFC data fitted best 
with a unimodal pKa distribution having a pKa=8.44 that was intermediate between the pKa,1 and 
pKa,2 values of the ZIF8-TFN membranes.  Error bars in (a) and (b) indicate standard deviation 
of duplicate samples.  Error bars in (c) and (d) indicate the uncertainty in the fitting. 
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Thus, we conclude that similarly to what was concluded for zeolite incorporation into 
active layers in Section 3.3.5- the physico-chemical properties of the active layer that affect 
ionization of chemical moieties did not substantially change with ZIF8 loading, and did not play 
a substantial role on the observed changes in membrane performance.   
4.3.5 Water absorption by active layers  
Figure 4.7 presents the results for the absorption of water by active layers for the group of 
membranes used to study the effect of ZIF8 size on membrane performance.  We chose this 
group of membranes to study water absorption because these membranes showed significantly 
different performance from each other only in terms of water permeability.  Results show that 
water absorption was in the 0.05-0.09 ng/ng range, consistent with the low end of the range of 
values reported for commercial TFCs in previous studies38,45 and LTA-TFN membranes in 
Chapter 3.  Water sorption did not show a distinct trend with ZIF8 nanoparticle size, with all 
average values for ZIF8-TFN membranes being slightly lower than that for the control TFC 
membrane (p>0.186).  Lower water sorption in ZIF8-TFN membranes compared to in the control 
TFC membrane may be the result of lower hydrophilicity due to lower charge density described 
in Section 4.3.4.  Therefore, given that water permeability is directly proportional to water 
absorption,45 but ZIF8 incorporation caused a decrease in water absorption (if any), then the 
results indicate that changes in the water absorption properties of the active layers did not 
substantially contribute to the observed changes in membrane performance. 
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Figure 4.7.  Water absorption by membrane active layers for the control TFC membrane 
and ZIF8-TFN membranes having a range of ZIF8 nanoparticle sizes.  ZIF8 nanoparticle 
sizes of ~150, ~30, ~20-200, and ~65 nm were obtained using the ZIF8 fabrication procedures 
denoted in Section 4.2.2 as “Titration”, “Double solvent”, “No stirring”, and “15-s stirring”, 
respectively.  Water absorption was measured by exposing active layers isolated on QCM 
sensors to humidified nitrogen gas at 98% RH.  Results are presented as mass of water sorbed 
per mass of dry active layer.  Data points and error bars indicate average and standard deviation, 
respectively, of four measurements with two measurements performed in each of duplicate 
samples. 
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4.3.6 Thickness of active layers 
The areal masses of isolated active layers (mAL) were used in Equation 4.2 to determine 
active layer thickness.  The corresponding results are presented in Figure 4.8 and show that 
active layer thicknesses were in the 53-92 nm range.  This range of thicknesses is consistent with 
the range of thicknesses reported previously32,42 for commercial TFC membranes and in Section 
3.3.7 for LTA-TFN membranes.  For the group of ZIF8-TFN membranes used to study the effect 
of ZIF8 loading on membrane performance (Figure 4.8a), the TFC membrane (0.00 wt%) and 
ZIF8-TFN membrane with the lowest ZIF8 loading (0.015 wt%) had the thinnest active layers 
with thicknesses of 55 and 52 nm, respectively.  These two thicknesses were not significantly 
different from each other (p=0.597), but were significantly different from the thicknesses of the 
ZIF8-TFN membranes with higher ZIF8 loading (p=0.005).  The ZIF8-TFN membranes with 
ZIF8 loading in the 0.15-0.75 wt% range were thicker in the 83-89 nm range, and were not 
significantly different from each other (p=0.959).  For the group of ZIF8-TFN membranes used 
to study the effect of ZIF8 loading on membrane performance (Figure 4.8b), the active layers of 
all ZIF8-TFN membranes had thicknesses that were either similar or greater (p=0.014-0.184) 
than the thickness of the active layer of the control TFC membrane. 
As discussed in Section 3.3.7, water permeability is indirectly proportional to active layer 
thickness,47 and therefore thicker active layers (with all other properties remaining the same) 
should result in lower water permeabilities.  By contrast, even though Figure 4.8 shows that ZIF8 
nanoparticle incorporation into the active layers resulted in an increase in active layer thickness 
(if any), the performance results in Sections 4.4.1 and 4.4.3 show that it also resulted in an 
increase in water permeability.  Thus, the results indicate that the effect of ZIF8 incorporation on 
active layer thickness does not explain the observed changes in membrane performance.  This 
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conclusion is consistent with that obtained for zeolite incorporation into active layers in Section 
3.3.7.  
4.3.7 Surface roughness of active layers 
The morphology of the active layers of ZIF8-TFN membranes was evaluated in terms of 
their surface roughness and void structure.  Both surface roughness47-50 and void structure22, 51,52 
have been proposed to affect membrane performance, with higher surface roughness and 
presence of voids in the active layer being proposed to result in higher water permeability.  
Figure 4.9 presents surface roughness results as root-mean-square (RMS) roughness and average 
deviation (AVG) roughness, calculated from AFM topography profiles as described elsewhere.53  
In all cases, RMS and AVG roughness values ranged between 31-71 nm and 22-57 nm, 
respectively.  The range of roughness values obtained for ZIF8-TFN membranes was at the 
lower end of the range of values reported in Section 3.3.8 for LTA-TFN membranes (73-98 nm 
and 59-84 nm for RMS and AVG roughness, respectively) and elsewhere47-50 for commercially 
manufactured TFC membranes (~20-150 nm).    
For the group of ZIF8-TFN membranes used to study the effect of ZIF8 loading on 
membrane performance (Figure 4.9a), the roughness of the ZIF8-TFN membrane with 0.15 wt% 
ZIF8 loading was relatively larger than that of the other membranes.  For the group of ZIF8-TFN 
membranes used to study the effect of ZIF8 loading on membrane performance (Figure 4.9a), the 
roughness of the ZIF8-TFN membrane with 0.15 wt% ZIF8 loading was relatively larger than 
that of the other membranes.   
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Figure 4.8.  Membrane active layer thickness for the control TFC membrane and ZIF8-
TFN membranes having a range of ZIF8 nanoparticle (a) loadings and (b) sizes.  The 
percent loading in the x-axis in panel (a) indicates the ZIF8 loading in the organic TMC solution 
used to cast the active layer.  In panel (b), ZIF8 nanoparticle sizes of ~150, ~30, ~20-200, and 
~65 nm were obtained using the ZIF8 fabrication procedures denoted in Section 4.2.2 as 
“Titration”, “Double solvent”, “No stirring”, and “15-s stirring”, respectively.  Active layer 
thickness was calculated using the areal masses of active layers isolated on QCM sensors and 
Equation 4.2.  Data points and error bars indicate average and standard deviation, respectively, of 
duplicate sa mples. 
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Figure 4.9.  Membrane surface roughness for the control TFC membrane and ZIF8-TFN 
membranes having a range of ZIF8 nanoparticle (a) loadings and (b) sizes.  The percent 
loading in the x-axis in panel (a) indicates the ZIF8 loading in the organic TMC solution used to 
cast the active layer.  In panel (b), ZIF8 nanoparticle sizes of ~150, ~30, ~20-200, and ~65 nm 
were obtained using the ZIF8 fabrication procedures denoted in Section 4.2.2 as “Titration”, 
“Double solvent”, “No stirring”, and “15-s stirring”, respectively.   Results presented correspond 
to root-mean-square (RMS) and average deviation (AVG) roughness calculated from AFM 
analyses as described elsewhere.55  Data points and error bars indicate average and standard 
deviation, respectively, of triplicate samples. 
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One-way ANOVA analyses combined with the Holm-Sidak method indicate that when the 
results for all ZIF8-TFN membranes are compared to that of the control TFC membrane, the only 
ZIF8-TFN membrane that had a substantially different roughness from the control TFC 
membrane (p=0.075 and 0.086 for RMS and AVG roughness, respectively) was the ZIF8-TFN 
membrane with 0.15 wt% ZIF8 loading (p=0.476-0.944 for the other ZIF8-TFN membranes).  
The observation that the 0.15 wt% ZIF8-TFN membrane had a substantially larger roughness 
than the TFC membrane is consistent with the observation that it also had a substantially larger 
water permeability (p=0.057, see Section 4.3.1).  By contrast, the 0.015 wt% ZIF-TFN 
membrane had a similar roughness to the TFC membrane (p=0.085 and 0.215 for RMS and AVG 
roughness, respectively), but also had a substantially larger water permeability (p=0.042, see 
Section 4.3.1), which is not consistent with the expected positive correlation between roughness 
and water permeability.  Further, one-way ANOVA analysis performed excluding the data for 
the 0.15 wt% ZIF8-TFN membrane indicated that there is no significant difference among the 
roughness values for different membranes (p=0.434 and 0.183 for RMS and AVG roughness, 
respectively).   
For the group of ZIF8-TFN membranes used to study the effect of ZIF8 size on 
membrane performance at 0.15 wt% ZIF8 loading (Figure 4.9b), all ZIF8-TFN membranes had 
surface roughness values relatively larger than the control TFC membrane.  However, only the 
roughness of the ZIF8-TFN membranes with the two highest water permeabilities had 
significantly greater roughness (p=0.007-0.049) than the control TFC membrane (p=0.221-0.759 
for the other ZIF8-TFN membranes).  Specifically, the ZIF8-TFN membrane with ZIF8 
nanoparticles ~65 nm and ~20-200 nm in size had RMS and AVG roughness values that were 
36-39% (p=0.026-0.049) and 40-41% (p=0.007-0.046), respectively, larger than the roughness of 
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the control TFC membrane.  By contrast, while the ZIF8-TFN membrane with ZIF8 
nanoparticles ~30 nm in size had a greater water permeability than the control TFC membrane 
(p=0.046), its surface roughness was not significantly different from that of the control TFC 
membrane (p=0.334 and 0.221 for RMS and AVG roughness, respectively). 
Overall, ZIF8 incorporation into active layers did not have a consistent effect on surface 
roughness, and surface roughness results did not have a consistent correlation with water 
permeability. Therefore, any effects that zeolite incorporation had on surface roughness do not 
consistently explain the observed changes in membrane performance.  This conclusion is 
consistent with that obtained for zeolite incorporation into active layers in Section 3.3.8. 
4.3.8 Void structure of active layers 
Figure 4.10 shows representative cross-sections of active layers of the control TFC 
membrane (Figure 4.10a) and ZIF8-TFN membranes (Figure 4.10b-e) used to study the effect of 
ZIF8 loading on membrane performance.  Additional images for the group of ZIF8-TFN 
membranes used to study the effect of ZIF8 size on membrane performance, as well as for a TFN 
prepared with calcined ZIF8 nanoparticles (0.15 wt%) can be found in Appendix C4-C5.   As 
observed in Figure 4.10, no nanoparticles were visualized in the TEM images.  As discussed in 
Section 3.3.8 for LTA-TFN membranes with the same range of nanoparticle content as the ZIF8-
TFN membranes discussed here, the lack of visualization of nanoparticles in the TEM images is 
due in part to the (i) relatively low nanoparticle content, and (ii) corresponding low statistical 
probability of finding a nanoparticle in a random cross-section.  Voids were apparent in the 
active layers of all the ZIF8-TFN active layers, which was consistent with the void structure of 
polyamide active layers described in the literature22,51,52 and that observed for LTA-TFN 
membranes in Section 3.3.8.  Even though void fraction and void size distribution could not be 
quantified due largely to the quality of the images, it can be concluded from visual inspection of 
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the images that the incorporation of ZIF8 nanoparticles into the active layer did not have an 
apparent effect on the void structure of the active layers.  For example, the void structures 
observed in the images for the TFC membrane and the 0.015 wt% and 0.75 wt% ZIF8-TFN 
membranes are qualitatively similar, and the void structures in all images for ZIF8-TFN 
membranes in Figure 4.10 and Appendix C4 are qualitatively similar to the structures observed 
in the literature refs for the active layers of commercially available TFC membranes and of the 
LTA-TFN membranes discussed in Section 3.3.8. Therefore, the TEM images suggest that 
potential changes in active layer void structure caused by zeolite incorporation did not play a 
substantial role on the changes observed in membrane performance.  
4.4 Conclusions 
A study of ZIF8-TFN membrane properties and performance was conducted to better 
understand the effect that ZIF8 nanoparticle loading, surface area, and size have on membrane 
performance and the physico-chemical properties of the membrane active layer.  We also 
evaluated whether the observed effects on membrane performance and active layer physico-
chemical properties correlated with each other.  Results support the following main conclusions: 
 ZIF8 nanoparticles were incorporated into active layers in relatively small concentrations  
 Because ZIF8 nanoparticles are in such low concentrations in the active layers, results 
obtained for the physico-chemical characterization of active layers correspond to the 
physico-chemical properties of the active layer polymer 
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Figure 4.10.  Representative cross-sections of membrane active layers of (a) the control TFC 
membrane, and TFN membranes having ZIF8 nanoparticle loadings of (b) 0.015 wt%, (c) 0.15 
wt%, (d) 0.30 wt%, and (e) 0.75 wt% in the organic TMC solution used for active layer casting.  
Arrows show examples of voids in the active layers.  The (blue) dashed line indicates the 
boundary between the polyamide active layer and the polysulfone support.  
(a) 0.00 wt% (b) 0.015 wt%
(d) 0.30 wt%
(c) 0.15 wt%
(e) 0.75 wt%
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 ZIF8 nanoparticle incorporation generally resulted in improvements in membrane water 
permeability 
 ZIF8 nanoparticle incorporation did not deteriorate salt rejection at or below ZIF8 
loadings of 0.15 wt% (in the organic TMC solution used for membrane casting); above 
this threshold, salt rejection decreased  
 At a ZIF8 loading of 0.15 wt%, the use of ZIF8 nanoparticles with a wide size 
distribution (as opposed to a narrow size distribution) led to deterioration of salt rejection   
 At a ZIF8 loading of 0.15 wt%, larger surface areas of the ZIF8 nanoparticles, and ZIF8 
nanoparticle sizes similar to the active layer thickness, led to the greatest improvements 
in membrane water permeability 
 For the cases in which ZIF8 nanoparticle incorporation produced changes in the physico-
chemical properties of the active layers compared to the control TFC membrane, ZIF8 
incorporation led to decreased total concentration of ionizable sites and water absorption, 
and increased thickness and roughness; no substantial changes were observed in the void 
structure of the active layers  
 With the exception of the observed changes in membrane surface roughness with ZIF8 
nanoparticle incorporation, the effects that ZIF8 incorporation caused on active layer 
physico-chemical properties would be expected to result in either unchanged membrane 
performance or decreased water productivity (as opposed to the observed increase in 
water productivity). 
Therefore, overall, any observed changes in the physico-chemical properties of the active layer 
polymer in this study do not explain the observed changes in membrane performance.  Therefore, 
we conclude that the increased water productivity of ZIF8-TFN membranes over the control TFC 
151 
membranes is largely the result of water transport through the porous structure of ZIF8 
nanoparticles or along the polymer-ZIF8 nanoparticle interface, which is consistent with the 
conclusion obtained for LTA-TFN membranes in Chapter 3 and elsewhere.59  Alternatively, 
properties of the active layer polymer not characterized in this study (i.e., water diffusivity) may 
have increased, or the void structure of the active layer may have changed in a way not 
quantifiable through TEM imaging in such a way that led to greater water permeability. 
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CHAPTER 5 - CONCLUSIONS 
The overall goal of this study was to advance the understanding of the relationship 
between the physico-chemical properties of the active layers of thin-film nanocomposite (TFN) 
membranes with porous nanoparticles incorporated in their active layers and their performance in 
terms of water permeability and salt rejection.  The nanoparticles used to prepare the TFN 
membranes studied here consisted of either LTA zeolites or zeolitic imidazole frameworks 
(ZIF8), and their results were always compared to corresponding control (nanoparticle-lacking) 
thin-film composite (TFC) membranes. All membranes studied had polyamide-based active 
layers. 
To accomplish the overall goal of this project, my research plan focused on: (i) 
developing a method to measure charge density in active layers of polyamide-based TFC and 
TFN membranes; (ii) characterizing the effect of LTA zeolite loading on the physico-chemical 
properties of the active layers of zeolite TFN membranes, and investigating corresponding 
structure-performance relationships; and (iii) characterizing the effect of ZIF8 particle loading, 
surface area, and size on the performance of ZIF8-TFN membranes, and investigating 
corresponding structure-performance relationships.   Key findings form this work are as follows: 
1) The negative charge density in the active layers of thin-film composite (TFC) and thin-
film nanocomposite (TFN) membranes can be accurately quantified as a function of pH 
by measuring, with a quartz crystal microbalance (QCM), the mass of cesium ion that 
associates with charged sites in an active layer isolated on a QCM sensor 
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2) Charge density measurements with the QCM method are repeatable, reproducible, and 
accurate 
3) Active layers isolated on QCM sensors are resilient to deterioration due to handling, 
testing, cleaning, drying and storage  
4) The ionization behaviors of the active layers of TFN and TFC membranes were similar  
5) Zeolites and ZIF8 nanoparticles are incorporated into active layers in relatively small 
concentrations (<1 at%) 
6) Because nanoparticles are in such low concentrations in the active layers, results obtained 
for the physico-chemical characterization of active layers correspond to the physico-
chemical properties of the active layer polymer 
7) Zeolite and ZIF8 nanoparticle incorporation into active layers results in higher water 
productivity, and unchanged salt rejection up to a zeolite loading threshold above which 
salt rejection decreases (~0.15 wt% in the organic TMC solution used to cast the active 
layer) 
8) At a ZIF8 loading of 0.15 wt%, the use of ZIF8 nanoparticles with a wide size 
distribution (as opposed to a narrow size distribution) led to deterioration of salt rejection   
9) At a ZIF8 loading of 0.15 wt%, larger surface areas of the ZIF8 nanoparticles, and ZIF8 
nanoparticle sizes similar to the active layer thickness, led to the greatest improvements 
in membrane water permeability 
10) Zeolite incorporation did not have a substantial effect on the near-surface charge density, 
near-surface degree of crosslinking, thickness, roughness, or void structure of the active 
layer, nor on the acidity constants of ionizable sites in the active layers 
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11) Zeolite incorporation moderately decreased the volume-averaged charge density and 
water absorption of active layers, and moderately increased the volume-averaged degree 
of crosslinking. 
12) ZIF8 incorporation led to decreased total concentration of ionizable sites and water 
absorption, and increased thickness and roughness; no substantial changes were observed 
in the void structure of the active layers  
13) From the effects observed on the physico-chemical properties of active layers, one would 
expect that zeolite incorporation would either not affect membrane performance or lead 
to decreased water productivity, as opposed to the observed increase in water 
productivity 
14) With the exception of the observed changes in membrane surface roughness with ZIF8 
nanoparticle incorporation, the effects that both zeolite and ZIF8 incorporation caused on 
active layer physico-chemical properties would be expected to result in either unchanged 
membrane performance or decreased water productivity, as opposed to the observed 
increase in water productivity 
Overall, observed changes in the physico-chemical properties of the active layer polymer did not 
explain the observed changes in membrane performance.  Therefore, it is concluded that the 
increased water productivity of TFN membranes over the control TFC membranes is the result of 
water transport through the porous structure of LTA zeolite and ZIF8 nanoparticles, or along the 
polymer-nanoparticle interface.  Alternatively, nanoparticle incorporation may have changed 
properties of the active layer polymer not characterized in this study (i.e., water diffusivity), or 
the microstructure of the active layer may have changed in a way not quantifiable through TEM 
imaging such that it led to greater water permeability.
160 
CHAPTER 6 - FUTURE WORK 
 While exploring the property- performance relationships of RO active layers containing 
porous nanoparticles, several questions arose that may afford potential pathways for future work. 
1. Relative importance of water permeation through nanoparticles vs along the 
nanoparticle-polymer interface  
 
 Based on the results obtained from Chapters 3 and 4, the enhanced water productivity was 
most likely due to water transport through the pores of the nanoparticle materials or along the 
nanoparticle-polymer interface.  The relative importance of these two water permeation 
mechanisms could be tested by evaluating the membrane performance from TFNs with membrane 
active layers containing pore-filled ZIF8 nanoparticles versus active layers containing open-pore 
ZIF8 nanoparticles.  A previous study by Jeong et al,17 used zeolites filled with 
tetramethylammonium hydroxide (TMAH) versus zeolites with open pores obtained by 
calcination of TMAH.  The membranes with pore-filled zeolites showed diminished water 
permeability performance versus membranes containing zeolites with open pores, but also higher 
water permeability versus the TFC control.  The results from the Jeong et al study were 
inconclusive because it may be possible that some of the TMAH leached out of the nanoparticles 
under exposure to water and high pressures, especially since TMAH is soluble in water.   
2. Evaluation of other porous nanoparticles  
 Based on the results obtained from Chapters 3 and 4, incorporation of porous 
nanoparticles into the membrane active layers increased water permeability.  This study only 
evaluated nanozeolites and ZIF8 nanoparticles.  For the case of ZIF8 nanoparticles (Chapter 4), 
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results showed that nanoparticles with higher surface area resulted in TFN membranes with 
higher water permeability.  Therefore, the results support that exploring additional porous 
nanoparticle materials, as well as avenues to increase the surface area of ZIF8 nanoparticles, 
could prove useful in developing TFN membranes with higher water permeability than the ones 
tested in this study. 
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APPENDIX A - ISOLATION OF ACTIVE LAYERS OF THIN-FILM 
(NANO)COMPOSITE MEMBRANES ON QUARTZ CRYSTAL MICROBALANCE 
SENSORS OR SILICON WAFERS 
Cleaning procedure for microbalance sensors and silicon wafer 
 
1. 10 minutes of both ozone and ultraviolet light (185-254 nm) using an 
ultraviolet/ozone cleaner 
2. 5 min immersion in a 5:1:1 solution of ultrapure water, ammonium hydroxide (25%) 
and hydrogen peroxide (30%), respectively, which had been pre-heated to 75C 
3. Thorough rinse with ultrapure water 
4. Dried with ultrapure nitrogen 
5. 10 minutes of both ozone and ultraviolet light (185-254 nm) using an 
ultraviolet/ozone cleaner 
6. Stored in sealed plastic boxes for no more than 24 hours before use. 
Active layer isolation (same procedure for sensors and silicon wafers) 
 
1. Thorough rinse of membranes with ultrapure water 
2. Dry membranes by placing the coupons between two pieces of Whatman filter paper 
No. 1 (GE Healthcare, Piscataway, NJ), and applying fingertip pressure 
3. Separate polyester layer from the rest of the membrane at a corner using a clean 
thin knife blade 
4. Peel off completely the polyester layer by hand 
5. Place the active layer side of the membrane coupon without the polyester layer against 
a clean gold-coated quartz crystal microbalance (QCM) sensor resting on a custom 4.5 
x 4.5 cm
2 
stainless steel 316 support (see figure at the bottom of document) 
6. Add 3-5 drops of ethanol on the polysulfone side of the membrane to flatten 
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the membrane against the sensor surface 
7. Sandwich the membrane and sensor between the stainless steel support and a 
custom 4.5 x 4.5 cm
2 
stainless steel 316 frame having an inner 2 x 2 cm
2 
opening 
that allowed access to the sandwiched membrane and sensor as depicted in the 
figure below 
8. Secure metal support and frame to each other using screws. (The custom stainless steel 
assembly allowed us to ensure consistency in the active layer isolation procedure 
among different membrane coupons.) 
9. Slowly and carefully add DMF on the polysulfone side of the membrane coupon to 
dissolve the polysulfone support using the following sequence as many times as 
necessary (patience patience): drop-wise addition of 2 ml of DMF, let stand for 1 
minute, disposal of the DMF-polysulfone solution by tilting the stainless steel 
assembly, and removal of the remaining DMF-polysulfone solution at one of the 
corners of the stainless steel frame using a KIMWIPES tissue. 
After dissolution of the polysulfone layer… 
10. Allow the entire assembly to dry in air overnight 
11. Use a scalpel to cut the active layer at the edge of the sensor where necessary to free the 
sensor from the bottom stainless steel base 
12. Remove the top stainless steel frame 
13. Dip the active layer-coated sensor in 50 ml of DMF and gently agitate for ≈5 min. 
Repeat with fresh DMF two additional times 
14. Allow active layer-coated sensor to dry in air overnight 
15. Do additional rinsing of the active layer-coated sensor with DMF if you consider 
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necessary depending on how sure you want to be that you have zero polysulfone 
remaining (depends on what you want the sensor for) 
16. Rinse active layer-coated sensor thoroughly with ultrapure water 
17. Dry active layer-coated sensor with ultrapure nitrogen 
18. Store active layer-coated sensor in a sealed plastic box until further use. 
 
 
Figure A.1.  Schematic of the procedure used for the isolation of active layers of thin film 
composite (TFC) and thin-film nanocomposite (TFN) membranes on quartz crystal microbalance 
(QCM) sensors and silicon wafers. (a) The polyester backing is peeled off from the active layer 
and polysulfone support. (b) The membrane coupon minus polyester backing is placed against 
the QCM sensor with the active layer facing the sensor. (b-c) The membrane coupon and sensor 
are secured to each other using a custom stainless steel (SS) 316 assembly, and (c) the 
polysulfone support is dissolved using dimethylformamide (DMF). (d) The final product is the 
isolated active layer on the QCM sensor (AL+sensor sample). 
 
  
(a)
Active layer (~100 nm)
(b)
(d)(c)
PSf support layer (~30 μm)
SS316
DMF
Isolated active layer
Gold-coated QCM sensor
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APPENDIX B1 - ELEMENTAL COMPOSITIONS INCLUDING HYDROGEN OF 
MEMBRANE ACTIVE LAYERS. 
Table B1.  Summary of elemental composition results from XPS and RBS analyses 
including hydrogen.  Hydrogen content for XPS analyses has been calculated assuming a H:C 
ratio of 0.667, consistent with the composition of crosslinked aromatic polyamide.  Uncertainties 
represent standard deviation between samples tested.  For results obtained using RBS, no 
standard deviations are presented because -for each type of membrane- the RBS spectra of the 
triplicate samples analyzed were added up and fitted as one single cumulative spectrum to 
improve accuracy of fitting.  The uncertainty of the RBS fitting is <5%.  
 
Membrane a 0.00 wt% 0.015 wt% 0.15 wt% 0.30 wt% 0.75 wt% 
C (at%)  XPS b 49.330.18 49.340.07 49.140.17 49.780.76 48.720.52 
 RBS c 48.00 53.00 50.30 49.60 49.60 
O (at%) XPS b 9.350.40 9.220.10 9.960.15 9.040.33 10.090.49 
 RBS c 7.80 8.00 8.50 8.30 8.30 
N (at%)  XPS b 8.230.25 8.290.14 7.720.02 7.760.48 8.380.61 
 RBS c 7.80 8.00 8.38 8.30 8.30 
Cl (at%)  XPS b 0.200.03 0.220.03 0.190.02 0.170.04 0.160.06 
 RBS c 0.16 0.22 0.16 0.15 0.12 
Al (at%)  XPS b 0.000.00 0.000.00 0.210.01 0.000.00 0.100.02 
 RBS c BDL e BDL e BDL e BDL e BDL e 
Si (at%)  XPS b 0.000.00 0.020.04 0.000.00 0.050.10 0.050.06 
 RBS c BDL e BDL e BDL e BDL e BDL e 
H (at%)  
 XPS 
b,d 
32.900.12 32.910.05 32.780.11 33.200.50 32.490.34 
 RBS c 36.25 30.78 32.66 33.65 33.68 
 
a Indicates weight percent of LTA nanozeolite in the TMC solution used for active layer casting. 
b Values in this row correspond to the average of results obtained  at 3-5 locations over the same set of 3 
samples analyzed by RBS; there was at least one location analyzed per sample.  Elemental content is 
reported in units of atomic percent. 
c Values in this row correspond to the cumulative spectrum obtained from 3 samples totaling an analysis 
area of ≈2,400 mm2 (≈800 mm2 each).  Elemental content is reported in units of atomic percent. 
d Hydrogen content for XPS analyses has been calculated assuming a H:C ratio of 0.667, consistent with 
the composition of crosslinked aromatic polyamide.   
e BLD = below detection limit. 
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APPENDIX B2 - RBS SPECTRA AND FIT LINES FOR THE CONTROL TFC AND THE 
TFN MEMBRANES  
 
 
Figure B1.  a-e. RBS spectra and fit lines for the control TFC and the TFN membranes. 
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e.  Cumulative RBS spectra of the control TFC (0.00 wt%) and LTA-TFN (0.015-0.75 wt%) 
membrane samples probed with silver ion at pH=10.5.  Percent weight in each panel indicates 
the zeolite loading in the TMC solution used to cast the active layers.  The fit lines are hidden 
behind the data points.  The elemental composition in each panel corresponds to the elemental 
composition obtained from the fitting.  Silicon and aluminum signals should appear where 
indicated if they were present above detection limit (~0.1 at%).  
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APPENDIX B3 - IONIZATION BEHAVIOR OF MEMBRANE ACTIVE LAYERS AS A 
FUNCTION OF PH.  
 
Figure B2.  Ionization behavior of membrane active layers as a function of pH obtained 
using active layers isolated on QCM sensors.  Percent weight in each panel indicates the zeolite 
loading in the TMC solution used to cast the active layers. Fit lines were obtained using Equation 
3.9, and the corresponding R2 value is indicated in each panel below the zeolite loading.  Fitting 
results are presented in Table 3.3 and Figure 3.7 in Chapter 3. 
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APPENDIX C1 - FABRICATION OF ZIF8 NANOPARTICLES OF DIFFERENT SIZE 
Table C1.  List synthesis conditions for preparing ZIF 8 nanoparticles of varying size.  
Parameter Zinc 
Salt 
(g) 
Methyl 
Imidazole   
(g) 
Methanol 
(Zn:MI)  
(g) 
 15-secsonds  4.4 9.8 24: 240 
No stirring 4.4 9.8 24: 240 
2x solvent 4.4 9.8 48:480 
Titration. 4.4 9.8  24: 240 
Solution stirring speed = 1000 rpm unless indicated  
The following procedure was followed with minor modifications to prepare ZIF 8 
nanoparticles of varying particle size diameters.  Table C1 lists the parameters used to modified 
particle size.  Zinc nitrate (4.4 g) was added to a 100 mL glass bottle containing 24 g of methanol 
and a stir bar.  Methyl imidazole (9.8 g) was added to a 1 L glass bottle containing 240 g of 
methanol and a stir bar.  The zinc nitrate solution was added to the methyl imidazole solution 
over a period of ≈4 s, and stirred at 1000 rpm for 5 minutes, and then allowed to sit undisturbed 
for 2 days.  The resulting colloidal mixture was centrifuged for purity, rinsed with lab grade 
water, transferred to an open glass dish, covered with a large Kimwipe (Kimberly-Clark) and 
allowed to sit in air for at least 3 hours.  The glass dish was covered with foil, placed in a -4 oC 
freezer for 6 hours, and then freeze dried.  Resulting ZIF8 nanoparticles had a diameter and 
surface area of ~100 nm and 1148.41±8.29 m2/g, respectively (see Results and Discussion).  
ZIF8 product yields averaged ~40% based upon the formula ZnC8H10N4.    
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Calcination Procedure for Zif8 Nanoparticles 
1. 2.0 g of freeze dried ZIF8 nanoparticles (Section 4.2.2) was added to a small 50 mL 
round bottom flask with a stir bar. 
2. 10.0 g of methanol was added to the same 50 mL round bottom flask containing ZIF8 
nanoparticles. The flask was covered with a rubber septum and stirred in methanol for 48 
hrs. 
3. The 50 mL round bottom flask was attached to a vacuum manifold; The round bottom 
flask was purged with nitrogen gas then evacuated at room temperature for 10 hrs ( ~ 
0.005 Torr) . 
4. The 50 mL round bottom flask was placed in an oil bath and then heated up to ~ 260 C.  
The sample remained under vacuum and heat for 2 hours. The heat was turned off; the 
vessel was removed from the oil bath and allowed to cool to ambient under vacuum; prior 
to removal from the manifold the 50 mL round bottom flask was purged with nitrogen. 
5. Once was removed from the vacuum manifold, the flask was sealed capped with a glass 
top then the neck of the flask and glass top were wrapped tightly with parafilm and stored 
until further use. 
6. A Thermolyne 21100 tube furnace was used to calcine ZIF8 nanoparticles.  A ~63 x 900 
mm quartz glass tube was inserted in the furnace with a round plastic septum attached to 
one end.  A teflon plastic tube was used to introduce pre-purified nitrogen into the quartz 
glass tube. 
7. The glass tube (empty) was purged with nitrogen for ~ 20 mins while the furnace was set 
at 24C  
172 
 
8. ~1.0 g of dried/evacuated ZIF 8 nanoparticles was removed(as quickly as possible) from 
the 50 mL vessel and transferred to a 40 cm long porcelain boat (supplied by Fisher 
Scientific). The round bottom flask containing the remaining nanoparticles was purged 
with nitrogen for ~ 10 seconds, resealed and re-wrapped with parafilm. 
9. The porcelain boat was quickly added to the 63mm x 900 mm glass tube with nitrogen 
flowing.  The quartz glass tube and porcelain boat was centered within the furnace as 
much as possible to ensure uniform heat exposure to the sample materials. 
10. The glass tube and 40 mm porcelain boat remained under nitrogen at 24C for an 
additional 20 minutes.  
11. Note: Nitrogen gas exposure remained constant throughout experiment (~2 psi), the 
sample was first heated to 100 C and held at 100 C for 1 hour.  The furnace did not 
have a setting to control the ramp rate. (apparent ramp rate ~5 C /min) 
12. After 1 hour, the furnace temperature was increased to 150 C and the furnace was held 
at 150 C for 1 hour; next the temperature was increased again to a target temperature 
of 350 and held for 1 hour; finally the temperature was increased to 1000 C and held at 
1000 C for 8hrs.  After 8 hrs, the furnace was turned off and allowed to cool down to 
room temperature under constant nitrogen exposure.  
13. The porcelain boat was removed, sample collected and stored for later use. The resulting 
yield was ~35% by weight. 
14.  Thus, the overall heating cycle under nitrogen: 1) 24C for 0.3 hr; 2) 100 C for 1 hour; 
3)150 C for 1 hour; 4) Target Temp  for 1 hour; 5)  1000 C for 8 hours; cooled until 24 
C   
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15. The procedure was performed two additional times with fresh batches of dried/evacuated 
ZIF8 particles changing only step 4 to 450 C hold for an hour followed by 1000 C for 8 
hours.  
16.  Repeat steps 6-14 with a fresh batch of dried/evacuated ZIF8 particles but increase the 
temperature in step four to 550 C.  
17. Allow sample to cool to room temperature under nitrogen  
18. The final product was weighed, sealed in a small tube 15 mL plastic centrifuge tube and 
characterized for surface area analysis. 
 
 
174 
 
 
 
Figure C1.  TEM Images of calcined ZIF 8 nanoparticles at 350 C for 1 hour followed by 
1000 C for 8 hours.  
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APPENDIX C2 - IMAGING OF ZIF8 NANOPARTICLES 
Figures C1-C3 show electron microscopy images of ZIF8 nanoparticles successfully 
synthesized according to the procedures described in Section 4.2.2.  The ZIF8 nanoparticles were 
observed to have polyhedron morphology, and were fabricated in sizes ranging from 
micrometers to nanometers.  Only sub-micrometer nanoparticles were used for fabrication of 
ZIF8-TFN membranes.  The TEM images confirm the polyhedron morphology of nanoparticles 
of the size range used for fabrication of ZIF8-TFN membranes.   
Particles in Figures C1c and C2 are representative of the nanoparticles incorporated into 
the active layers of the ZIF8-TFN membranes used to study the effect of ZIF8 loading on 
membrane performance.  Figure C2 shows TEM micrographs of ZIF8 nanoparticles having 
diameters of approximately 100 nm.  Particles in Figure C3 are representative of the 
nanoparticles incorporated into the active layers of the group of ZIF8-TFN membranes used to 
study the effect of ZIF8 size on membrane performance.  The images show that ZIF8 
nanoparticles prepared with the 15-s stirring, No stirring, Double solvent, and Titration ZIF8 
fabrication procedures described in Section 4.2.2 had approximate sizes of ~65, ~20-200, ~30, 
and ~150 nm, respectively. 
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Figure C2.  Representative SEM micrographs of ZIF8 nanoparticles prepared according to 
the procedure described in Section 4.2.2.  Particles in panel (c) are representative of the 
nanoparticles incorporated into the active layers of the ZIF8-TFNs used to study the effect of 
ZIF8 loading on membrane performance.  Sample images show ZIF 8 nanoparticles can be 
synthesized in sizes ranging from micrometers to nanometers.  Tunable particle sizes1-3 is one of 
the many attractive features intrinsic to ZIF8 nanoparticles.  
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Figure C3.  Representative TEM images of ZIF8 nanoparticles prepared according to the 
base ZIF8 fabrication procedure described in Section 4.2.2.  The nanoparticles in the images are 
representative of the nanoparticles incorporated into the active layers of the ZIF8-TFN 
membranes used to study the effect of ZIF8 loading on membrane performance, and had an 
approximate diameter of 100 nm.    
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Figure C4.  Representative TEM images of ZIF8 nanoparticles prepared according to the 
modified ZIF8 fabrication procedures denoted in Section 4.2.2 as (a) 15-s stirring, (b) No 
stirring, (c) Double solvent, and (d) Titration.  These procedures resulted in ZIF8 nanoparticle 
sizes of approximately 65, 20-200, 30, and 150 nm, respectively.  The nanoparticles in the 
images are representative of the nanoparticles incorporated into the active layers of the ZIF8-
TFN membranes used to study the effect of ZIF8 size on membrane performance.    
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APPENDIX C3 - IONIZATION BEHAVIOR OF ZIF8-TFN MEMBRANES PREPARED 
WITH ZIF8 NANOPARTICLES HAVING A RANGE OF SIZES 
 
Figure C5.  Ionization behavior of membrane active layers as a function of pH obtained 
using active layers isolated on QCM sensors.  The data corresponds to the concentration of 
negatively charged sites (NCD) as a function of pH for TFC and TFN membranes prepared with 
ZIF8 nanoparticles (0.15 wt%) having a range of sizes.  ZIF8 nanoparticle sizes of ~150, ~30, 
~20-200, and ~65 nm were obtained using the ZIF8 fabrication procedures denoted in Section 
4.2.2 as “Titration”, “Double solvent”, “No stirring”, and “15-s stirring”, respectively.  Error bars 
indicate standard deviation of duplicate samples.   
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Table C2.  Fitted parameters for the modeling of the ionization behavior of the active 
layers of the control TFC membrane and TFN membranes prepared with ZIF8 
nanoparticles (0.15 wt%) having a range of sizes.  ZIF8 nanoparticle sizes of ~150, ~30, ~20-
200, and ~65 nm were obtained using the ZIF8 fabrication procedures denoted in Section 4.2.2 
as “Titration”, “Double solvent”, “No stirring”, and “15-s stirring”, respectively.  Error bars 
indicate standard deviation of duplicate samples.    
ZIF8 NCDT pKa,1 pKa,2 w1 
TEM size Avg Stdev Avg Stdev Avg Stdev Avg Stdev 
No ZIF8 0.89 0.04 2.00 10.00 9.01 0.16 0.08 0.08 
~150 nm 0.46 0.02 7.32 0.72 9.13 0.25 0.27 0.16 
~30 nm 0.23 0.01 7.86 0.06 10.33 0.19 0.68 0.03 
~20-200 
nm 0.25 0.01 8.24 0.07 10.44 0.27 0.70 0.04 
~65 nm 0.29 0.02 7.72 0.30 9.97 0.51 0.57 0.12 
 
Commentary: The total concentration of ionized sites (NCDT) is greatest (p=0.005) for the 
control TFC membrane. 
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APPENDIX C4 - CROSS-SECTIONAL TEM IMAGES OF ZIF8-TFN MEMBRANES 
PREPARED WITH ZIF8 NANOPARTICLES HAVING A RANGE OF SIZES 
 
Figure C6.  Representative cross-sections of membrane active layers of (a) the control TFC 
membrane, and (b)-(e) TFN membranes prepared with ZIF8 nanoparticles (0.15 wt%) having a 
range of sizes.  ZIF8 nanoparticle sizes of ~150, ~30, ~20-200, and ~65 nm were obtained using 
the ZIF8 fabrication procedures denoted in Section 4.2.2 as “Titration”, “Double solvent”, “No 
stirring”, and “15-s stirring”, respectively.  Arrows show examples of voids in the active layers.  
The (blue) dashed line indicates the boundary between the polyamide active layer and the 
polysulfone support. 
(a) No ZIF8
(b) ~150 nm
(c) ~30 nm (d) ~20-200 nm
(e) ~65 nm
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APPENDIX C5 - CROSS-SECTIONAL TEM IMAGES CZIF8-TFN MEMBRANES 
WITH 0.15 WT% ZIF8 LOADING 
C5  Membrane surface roughnesss 
Root-mean-square (RMS) roughness = 41.3±9.8 nm 
Average deviation (AVG) roughness = 31.0±7.1 nm 
Roughness values were in the range of roughness values found for ZIF-TFN membranes and 
their corresponding TFC control in Section 4.3.7 (i.e., RMS and AVG roughness values ranged 
between 31-71 nm and 22-57 nm, respectively). 
C5.2 Void structure of active layers 
 
Figure C7.  Cross sectional TEM image of a cZIF8-TFN membrane active layer with a 
zeolite loading of 0.15 wt% in the TMC solution used to cast the active layer.  The (blue) dashed 
line indicates the boundary between the polyamide active layer and the polysulfone support. 
 
Commentary: No voids were apparent in the active layers for cZIF8-TFN samples.  The lack of 
visible voids may be the result of carbonized filler material ‘clogging’ void space and/or perhaps 
the filler material impacted polymerization is such a way as to create a more symmetric structure 
versus other samples in this study.   
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APPENDIX D - X-RAY DIFFRACTION PATTERNS OF ZIF 8 NANOPARTICLES  
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Figure D1.  X-ray diffraction patterns of ZIF8 nanoparticles prepared according to the 
modified ZIF8 fabrication procedures denoted in Section 4.2.2 as (a) 15-s stirring, (b) No 
stirring, (c) Double solvent, (d) Titration, (e) c450 ºC and (f) Overlay of all .  Sample c450 
depicts the diffraction pattern for the ZIF8 nanoparticle post calcination at 450 ºC. These 
procedures resulted in ZIF8 nanoparticle sizes of approximately ~65, ~20-200, ~30, and ~150 
nm, respectively.   
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